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Over the past two decades, Surface Plasmon Resonance (SPR) based optical 
sensors have gradually evolved to become a quantitative tool for the measurement of 
chemical and biological binding reactions. One approach for achieving high sensor 
resolution is to measure the SPR phase response. It has been reported that a Liquid 
Crystal Modulator (LCM), which may be used as a voltage-controlled optical retarder, 
can be incorporated to perform SPR phase measurement. In spite of its simplicity as 
retardation modulator, LCM has its own disadvantages, namely high temperature 
dependence, high nonlinearity, low operation frequency and limited retardation 
modulation range. Previously, our group reported that the use of multi-pass 
beam-folding device and active temperature control can improve the modulation 
range and stability. 
In this work, we expand the measurement capability from single-point to 
two-dimensional (2D) sensing which permits parallel detection and therefore greatly 
improves the prospect of SPR biosensor devices as a practical biosensing technology. 
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First, we characterized an as-received liquid crystal modulator (LCM) to 
extract its performance as a voltage-controlled optical phase retarder. 
Second, we built a phase-sensitive surface plasmon resonance (SPR) imaging 
sensor based on the LCM after characterization. 
Third, we applied the concept of pixel-referencing on the LCM configuration 
SPR imaging setup. Pixel-referencing is proposed to cancel out uneven disturbance at 
surface due to variation of film thickness etc. The sensitivity limit achieved was in the 
order of lO'^RIU. 
Finally, we compared the SPR imaging setup using the LCM configuration to 
that using the MZ configuration. Significant advantage in terms of optical 
instrumentation and low cost are key requirements for practical implementation; while 
the sensitivity limits of the two schemes are comparable. 
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Chapter 1 Introduction 
Wood discovered the presence of surface plasmons in 1902 [1]. Otto first 
demonstrated that the drop in the reflectivity in the attenuated total reflection method 
due to the excitation of surface plasmons in 1968 [2]. In the same year, Kretschmann 
reported excitation of surface plasmons in another configuration of the attenuated 
total internal reflection [3]. The pioneering work of both Otto and Kretschmann 
established a convenient method for the excitation of surface plasmons and their 
investigation. 
In fact, surface plasmon resonance (SPR) is an optical surface sensing 
technique allowing sensitive measurement of any refractive index changes occurred at 
the sensor surface. Any physical phenomenon altering the refractive index changes 
elicits a steep response, and therefore SPR has a great potential in various disciplines 
such as, thin-film characterization [4,5], gas detection [6,7], immunosensing [8,9] and 
biosensing [10,11]. 
Leidberg, Flanagan and Pantell first applied SPR for biosensing [2,12]. Since 
SPR allows real-time analysis of biospecific interactions without using the labeled 
molecules, it has a great potential for affinity biosensors detection. 
In recent years, the development of SPR has been directed towards biosensing 
technique and the emergence of SPR has been prompted by a number of 
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commercially available SPR instruments, like BIAcore, lASYS, IBIS, SPREETA, Bio 
Tul, GWC Instruments, and others. With the application of microarray, a high 
throughput SPR biosensing has been achieved. However, the poor sensitivity limits 
the further miniature of the system. 
The purpose of this project is to build a two-dimensional phase-sensitive SPR 
sensor using single-beam interferometry. The optical setup has been quantitatively 
studied. Pixel-referencing and other Digital Signal Processing (DSP) techniques have 
been employed to gain enhancement on its accuracy. 
Chapter 2 covers the principle and theory of surface plasmon resonance (SPR) 
from the literatures. Chapter 3 describes the operation principle of an irradiance 
modulator from the first principle. Chapter 4 elaborates the characterization process 
and results of our as-received LCM element. Chapter 5 introduces the background of 
phase measurement. Chapter 6 explains the pixel-referencing data processing from 
background to results. Chapter 7 discusses the results obtained and finally Chapter 8 
concludes the findings from all experiment results. 
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Chapter 2 Literature Review 
2.1 Surface Plasmon Wave 
Surface plasmon waves (SPW) are the charge density oscillations that occur at 
the interface between metal and a dielectric medium. This is a transverse magnetic 
(TM) polarized wave (the magnetic field vector is parallel to the plane of interface 
and perpendicular to the direction of propagation). The SPW propagates along the 
interface and exponentially decays into both media in normal direction to the interface 
[21,22]. The field falls to 1/e in term of the skin depth (z) in the metal and the 
dielectric medium are described as follow: 
In metal: z ^ = ^ I m ( 2 . 1 ) 
2n Em J 
In dielectric: z^ = ^ ― |lm{Jsm + Sdj| (2.2) 
where X is the wavelength of laser source, Sm and Sd are the dielectric constant of 
metal and dielectric respectively. 
The propagation constant of the SPW (P) propagating at the interface between 
a semi-infinite dielectric and metal is expressed as: 
P = k (2.3) 
Ajem+ns^  � , 
where k，8m and rig denote the free space wave number, the dielectric constant of the 
metal (sm =8mr + ismi) and the refractive index of the dielectric respectively. 
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The sample probing area is localized because of the limited propagation length 
of SPW [23]. In SPR sensors, the SPW must be optically interrogated, which means 
the wave vector of the interrogating light must be matched to the SPW wave vector 
(further explanation will be given in the next section). The wave vector component of 
SPW is equal to the real part of the SPW propagation constant, i.e. kgp = Re[p]. 
Furthermore, since kgp must have a real component for SPW to exist, the optical 
properties of the metal must satisfy the condition Smr < -ris. Metals which fulfil this 
requirement include gold, silver and aluminium [24]. 
Choice of metal: silver or Gold 
Gold and silver are commonly used in SPR sensors because they have 
relatively high resistance to chemical reaction and also they can offer better sensitivity. 
For these two metals a comparison of their main characteristics of SPW propagating 
along the metal-dielectric (water) interface is tabulated in Table 2.1 
Due to different characteristics of the gold and silver for SPW, different SPR 
profiles are found and Figure 2.1 shows the SPR response curves for both gold and 
silver films on a prism-based SPR system exposed to air [6] 
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Table 2.1 Major characteristics surface plasmon wave at the metal-water interface 
[25] 
From the Figure 2.1, it is clearly shows that silver exhibits a sharper 
resonance peak than gold. According to different SPW propagation characteristics 
provided in Table 2.1, silver is less prone than gold to refraction losses. In other 
words, a larger percentage of light enter the gold film is lost due to refraction; 
therefore the efficiency of surface plasmon coupling will be reduced. 
1.2, 
1 - 一 ^ 
^ A Silver 广"""" 
I 0.8 - "N . / s-polarized 
% 0.6- \ 
思 \ I p-polarized 
卜 \ / 
N j G o l d 
3 0 32 34 36 38 4 0 42 
Angle (Degrees) 
Figure 2.1 SPR response of gold and silver films [25] 
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Thickness of metal Film 
The effect of metal film thickness on the SPR profile is shown in Figure 2.2. 
When the gold film thickness increases from 30nm to 50nm, the depth of the SPR dip 
increases, but the profile become broaden with film thickness higher than 55nm. As 
the thickness increase further, the SPR dip becomes much less marked. Therefore, 
film thickness is another major parameter that greatly affecting the sensitivity of SPR 
sensing. 
100 
M.5 65 65.5 66 
angle of reflection, 0 
Figure 2.2 The effect of silver film thickness on SPR profile [25] 
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2.2 Excitation of Surface Plasmon 
Surface plasmons have been extensively studied by electronic excitation for 
several decades [24, 26]. The conditions for coupling and subsequent excitation of 
SPs are that the incident particle (or optical wave) must be matched with the SPs in 
both angular frequency and momentum. Figure 2.3 shows the experimental setup of 
electron excitation scheme. Although it is simple, high-vacuum apparatus is needed. 
When the electrons hit on thin film surface, the energy AE, and the momentum hq/2K, 
are transferred to the electrons of the solid [22,26]. The projection of vector q on the 
X-axis is called kx which determines the wave vector together with the dispersion 
relation. The energy loss of the scattered electrons AE = hf is measured. Upon the 
scattered angle of electron, 9, the energy of electron transfers in different momentum 
accordingly, given by the following expression: 
^x = /tkei'sine 
2n ~ 271 
where h is the Planck's constant. 
Wave vector notation 
The wave vector kx can thus be matched with that of SPs. If the energy of the 
scattered electrons is measured at different angle, 0，the surface plasmon energy is 
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observed as a drop in the intensity of the reflected beam at a particular 9 which is 
related to the plasmon frequency. 
kel 
k x 
Metal Thin Film 
w Z e I 0 q ’ A E 
Figure 2.3 Excitation of surface plasmon resonance by electrons in transmission of 
thin films 
where kei and kei' are the wave vector of projecting and scattered electron respectively, 
q，the wave vector transferred to the film and its projection on the surface kx. The 
dispersion relation determines the energy hf of the SPs. 
2.3 Surface Plasmon Coupling 
For the optical excitation of SPs, three common coupling schemes, i.e. (1) 
ATR prism coupler, (2) optical waveguides coupler and (3) grating coupler, are used 
to transfer energy from photons to surface plasma, namely "Surface Plasmon 
Coupling". 
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( \ ) ATR prism coupler 
Attenuated Total Reflection (ATR) prism coupling scheme (Figure 2.4) has 
been widely used in SPR phenomenon studies and its sensing applications. The 
incident light is passed through a dielectric medium, typically quartz or glass (usually 
in the form of prism), whose refractive index n is greater than the surrounding 
medium. This optically dense medium (higher refractive index) is used to increase the 
momentum of the photons and thus enhances the incident wave vector. By the 
definition of the speed of light (v) related to the refractive index (rip) of propagation 
medium v = c/iip (c is the speed of light in vacuum), it can be predicted that the phase 
velocity of the light in a higher refractive index medium is slower than in air. A new 
dispersion relation for incident light wave with a component parallel to the metal film 
surface, therefore yielded, 
x i X 
/ / \ x-axis 
Z 
V z-axis 
Figure 2.4 ATR coupling scheme 
/c 无 = 宇 ( 2 . 5 ) 
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The momentum of photons can therefore be enhanced by either using a higher 
refractive index of prism or using a higher incident angle (9i). SPs will be 
excited when the thickness of the metal film coated on the prism surface is thin 
enough so that the momentum of incident wave can be matched to propagation vector 
o fSPW i.e. 
= � P (2.6) 
where kx is the x-direction component of the propagation constant in the substrate, 
9i is the incident angle, ksp, is the wave vector of SPs which is the real part of 
propagation constant p. Therefore, the effective refractive index (risp) of boundary 
between metal thin layer and sample is: 
(2.7) 
At resonance, excitation of surface plasmons can only occur under total 
internal reflection and thus the angle of incident must be greater than the critical angle, 
0c. This is called ATR coupling scheme as shown in Figure 2.5. The SPs are excited 
as evanescent field and that field can penetrate the metal film only if the metal layer is 
thin enough. Actually, SPs are excited at the metal-sample interface. 
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> X > X 
" T ^ [ Y Dielectric Layer2e [V Metal Layer2e, 
y " V medium \ y " V 2 
广 Metal Layers Dielectric Layer3£ 
f f medium 3 
Figure 2.5 Two configurations of ATR coupling scheme (a) Otto configuration, the 
dielectric medium lies between the prism and metal, (b) Kretschmann configuration, 
metal film is coated on a prism surface and SPs is coupled by the evanescent field 
Two simple configurations using ATR prism coupler to couple the energy 
from photons to surface plasmon had been proposed and successfully demonstrated 
by Otto and Kretschmann. It was the first successful observation that the energy in an 
optical beam is transferred to surface plasmon resonance in the form of evanescent 
field where total internal reflection occurred. 
In 1968, Andreas Otto developed the first technique for optically exciting a 
surface plasmon wave on a smooth surface [27]. Figure 2.5a shows the Otto 
configuration. In the Otto geometry, the metal film is separated from the prism 
surface by a thin gap of low refractive index material, typically air or vacuum. The 
distance of the gap, d，is about one \ from the glass prism. At the prism-air interface, 
an evanescent wave penetrates across the air gap to excite SPW at the air~metal 
interface. Since the condition of surface plasmon resonance is very dependent on the 
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gap, this configuration is suitable for solid phase studies. Moreover, it is less suitable 
for biosensing application in liquid form because it is very difficult to control the 
liquid flow in nanometer scale. Unfortunately, the coupling efficiency is reduced if 
the distance between the prism surface and the metal becomes too large. In addition, 
some practical issues make this configuration not commonly use is the difficulties to 
obtain a very accurate air gap [26,28]. Kretschmann made a fundamental change to 
the Otto configuration when he realized that the metal itself could provide the 
condition to transfer energy from the incident light to SPW by the means of 
evanescent wave [28]. As shown in Figure 2.5b, the air gap of the Otto configuration 
has been replaced with a metal thin film in the Kretschmann configuration. 
Evanescent waves created at the prism-metal interface penetrate the metal film to 
excite SPW at metal-sample interface if the thickness of metal is thin enough. Since 
the electric field of the energy penetrating the metal film decays exponentially in a 
direction perpendicular to the interface, the interaction strength is a function of metal 
thickened. However, if the metal film is too thin, the interaction will be too strong and 
some of the optical energy will be reradiated rather than absorbed by SPW. The 
practical thickness of the metal is nominally 15nm to 70nm depending on the material 
selection and its application. The Kretschmann configuration is used widely in 
sensing applications over the Otto configuration because: 1) high coupling efficiency 
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to surface plasmon; 2) surface plasmon contacts directly with the ambient (easier for 
flowing the sample); 3) easier for fabricating a metal film on the prism surface over 
making an air gap (in nm size) in the Otto configuration. The Kretschmann 
configuration plays an important role in practical SPR sensors development history 
and our experimental design described in this thesis is also based on the Kretschmann 
configuration. 
(2) Grating coupler 
A diffraction grating is another optical method to match the momentum of 
incident photons and surface plasmons. As shown in Figure 2.6，it is commonly used 
to modify the photon momentum by diffraction of light at its surface. Periodic 
distortion of the metal-dielectric interface splits the incident optical wave (wave 
momentum: k = InlX) into a series of beams reflected at different angles. This 
changes the direction of momentum, a portion of which is aligned along the interface 
of the diffraction grating [29]. If the component of momentum along the interface of a 
diffracted order matches to the surface plasmon wave, the optical wave will couple to 
the SPW. Consider a grating with grating constant a (the distance between two 
grooves), the component of diffracted light along x-axis is: 
271 
Km = sin 代 +mG = Kp (2.7) 
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where tis is the refractive index of sample, 0i is the angle of incidence, G is the grating 
wave vector (G = Into) a is grating constant and kxm is the wave vector of the 
diffracted optical wave. 
It is assumed that the dispersion relation to SPW is not affected by the grating. 
The momentum conservation for an SPW excitation by the diffraction grating may be 
rewritten as [30]: 
sin (9, + m - = 士 (2.8) 
Similar to the prism coupler scheme, a portion of incoming photons; energy is 
transferred to the surface plasmons in the grating-based optical structure. SPR can be 
observed by monitoring the variation of the reflection dip at a certain angle of incident 
light with a fixed wavelength [31]，the wavelength spectrum at a particular angle of 
incident [32,33,34] or the reflected light intensity variation at SPR [35]. 
m = - l 
O p t l c a l w a v e ！« m ' ^ O 
Metal 
G r a t i n g 
Figure 2.6 Grating coupler-based SPR system 
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� Waveguide coupler 
A n a l y t e . M e t a l l a y e r 
= _ � i / / : 一 di叩 
: W a v © g u l d t e 
Figure 2.7 Waveguide-based SPR system: the field distribution is changed from a 
waveguide mode into a guided surface plasmon coupled mode [36] 
In general, optical waveguides are in the form of planar or channel 
waveguides grown on a substrate surface. They are frequently used in sensor-basis 
application because they can provide numerous attractive features such as a simple 
way to control the optical path in the sensor system (efficient control of properties of 
light) compactness and so on. The concept of SPW excitation in an optical 
waveguide-based SPR sensing structure is, in principle, similar to that of 
Kretschmann ATR coupler. In Figure 2.7, when the light wave enters the region with 
a thin metal overlayer, it evanescently penetrates through the metal layer. If the SPW 
and the guided mode are phase-matched, the light wave excites SPW at the 
metal-sample interface. Theoretically, the sensitivity of waveguide-based SPR sensors 
is approximately the same as that of the ATR configuration. 
Currently, optical fibres are very attractive in making devices because optical 
fibre SPR sensors present the highest level of miniaturization, allow for chemical and 
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biological sensing in everywhere due to the mechanical flexibility and the ability to 
transmit optical signals over a long distance. The use of optical fibres for SPR sensing 
was first proposed by Jorgenson and Yee [9]. Although optical fibres seem to be 
slightly different from the prisms used in Kretschmann configuration, their working 
principle is almost the same. 
When total internal reflection occurs, the light is confined in the core for 
propagation. One condition should be fulfilled is that the angle of incident, 0i，must be 
larger than the critical angle. In order to excite surface plasmons, a short lateral 
section of the fibre is polished down towards the core until the evanescent wave is 
exposed. Then a metal layer that supports SPR is deposited on the polished surface. 
Since the launching angle cannot be changed, due to the fact that SPR condition 
depends on the angle of incidence, another tuning method must be employed to get 
the sensor system to adapt in different sensing applications. We can tune the effective 
refractive index that the system will respond by coating a thin dielectric film on the 
top of the metal film in order to locate the response of the sensor into the region of 
interest. Variation in the refractive index of the sample can be observed by measuring 
the variation of transmitted optical power when monochromatic light source is used. 
On the other hand, for broadband light source, response can be detected by measuring 
the spectrum of output light [38]. Generally, low stability performance is obtained 
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from the use of multimode optical fibre in SPR-sensing device. The modal 
distribution (i.e. the number of modes supported in an optical waveguide) of light in 
the fibre is very sensitive to mechanical disturbances and the disturbances occurring 
close to the sensing area of the fibre may cause modal noise. One of the possible 
solutions is replacing the fibre with single-mode optical fibre [39,40], in which a 
higher order of magnitude in resolution is achieved. 
2.4 SPR Detection Techniques 
Surface plasmon resonance sensors are suitable for many sensing applications 
because they are extremely sensitive to small changes of refractive index near the 
sensor surface. The electromagnetic field of SPW is strongly concentrated in the 
dielectric and has a penetration depth about 200nm in the dielectric layer for a 
wavelength of 630nm and thus making SPR sensor surface sensitive. The ability to 
couple the incident light to SPW in resonant condition offers us opportunities for 
interrogating an SPR sensor using a variety of techniques. These techniques are 
primarily concerned with analyzing the angular [41,42], intensity [43]，wavelength 
[8,40,44] properties in the reflected beam. Recently, research attention of SPR sensing 
have shift to measuring SPR phase shift [45,46,47]. In this section, a comparison of 
different detection techniques based on SPR phenomenon will be presented. 
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Eventually, we choose phase as our measurement technique due to its behaviour 
exhibits a steep jump in resonant condition. 
(I) Intensity Interrogation 
Intensity interrogation is the most direct means of SPR measurement. One 
simple approach is to measure the intensity at a fixed value of incident angle or 
wavelength. As shown in Figure 2.8a and Figure 2.9a，the intensity is varied as a 
function of risampie as the resonance curve shifts. However, it is not a practical method 
for experimental use because this cannot distinguish between the changes in nsampie 
from other variations in the experimental setup, e.g. unstable of light source. 
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Figure 2.8 Typical SPR angular interrogation curve [48]: (a) reflected TM polarized 
light intensity versus incident angle, where minimum intensity is the coupling angle 
(Gspr)； and (b) calibration of system from plotting Ggpr versus nsampie 
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(2) Angular Interrogation 
The angular interrogation technique involves measuring the reflected light 
intensity for a certain range of angles with monochromatic light. Figure 2.8a shows a 
theoretical SPR angular reflection dip obtained from a range of incident angles. The 
location of the minimum reflected light intensity is often referred to the coupling 
angle (0spr). Figure 2.8a shows an angular interrogation calibration plot showing how 
Gspr changes as a function of refractive index (RI) of a sample (nsampie)- The simulation 
conditions are that a He-Ne laser operation at 632.8nm is used as the light source and 
a 50nm silver film is coated on SF-18 glass prism. 
(3) Wavelength Interrogation 
Apart from the angular interrogation, the SPR phenomenon can be observed 
by analyzing the spectral properties of the reflected beam. This is due to the fact that 
the dielectric permittivities of the prism, the metal film and the sample are wavelength 
dependent. In this case, a broadband light source is used. The spectrum of the 
reflected light beam which contains the SPR information is studied using a 
spectrometer. 
Similar to the case of angular interrogation, the reflected spectrum experiences 
a spectral absorption dip caused by resonance (Figure 2.9a). The location of the 
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Spectral absorption dip is known as coupling wavelength (Xspr). As the refractive 
index of the sample changes, the SPR coupling wavelength will also shift. The 
calibration curve in Figure 2.9b shows the relationship between spectral dip shift and 
the refractive index of sample. The simulation condition is the same as in Figure 2.8b 
and assuming white light incident at a fixed angle 55.3° (i.e. the location of minimum 
reflection intensity). 
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Figure 2.9 Typical SPR wavelength interrogation curve [48]: (a) Reflected TM 
polarized light intensity versus incident wavelength, where minimum intensity is the 
coupling wavelength (�pr ) . ( b) Calibration of system from plotting Xspr versus nsampie 
(4) Phase Interrogation 
The phase behaviour has been found to exhibit a steep change across the SPR 
absorption dip [50,51]. This phenomenon can be predicted by Fresnel reflection 
equation and the rapid phase change in the reflected light corresponding to variation 
in the refractive index of sample. The simulation result of silver film with different • 
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thickness is shown in Figure 2.10. The conditions of the simulation are A-=633nm and 
0 i = 5 5 . 3 ° . Based on the simulation result, we can predict that phase interrogation 
technique provides extremely high sensitivity on changes of refractive index (RI) of 
the sample. 
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Figure 2.10 Simulation result of SPR phase response curve versus refractive index of 
the sample with different silver film thickness [49] (dotted: phase; solid: amplitude) 
Comparison between Detection Techniques 
Interrogation Local slope Instrument Calculated RI 
technique resolution resolution (6n) 
Angular 1.5 x 10'^ RIU/° l .SxlCT^� 1.5 x 10'^ 
Wavelength 1.8 x 10'^ RIU/� O.Olnm 1.8x10'^ 
Phase 2.0 X 10-4 RIU/° 2.5 x 10"^° 5x10''^ 
Table 2.2 Comparison between different detection techniques and corresponding 
calculated SPR refractive index resolution [48] 
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Several detection techniques will be compared in this section by comparing 
their ability to resolve the smallest change in refractive index, 5n, the local slope in 
Figure 2.8b, Figure 2.9b and Figure 2.10 multiplied with the resolution of the 
instrument (8X,). Take wavelength interrogation technique as an example: 
An 
知二 H知 
where An / AX is the local slope from the theoretical value and 8X- is the resolution of 
the instrument. The comparison of local slope, instrument resolution and calculated 
RI resolution (5n) are given in Table 2.2. 
Phase information is the most sensitive parameter among all three 
interrogation signals. SPR effect not only changes the phase, but also the intensity. 
Both phase and intensity carry the information of SPR. Phase instead of intensity is 
chosen because of two major reasons: (1) intensity is more sensitive to noise when the 
light intensity is fluctuating and (2) the reflectance in phase gives a steeper response 
then that in intensity in Figure 2.10. 
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2.5 Applications of SPR biosensors 
^ ^ r V • : antigen 
A A m驚職 
Figure 2.11 Biomolecular binding between antigen and antibody based on the "Key 
and Lock" hypothesis 
Since the first application of the surface plasmon resonance (SPR) 
phenomenon for sensing almost two decades ago, this sensing method has made great 
strides both in terms of instrumentation development and applications. SPR 
technology has been commercialized and SPR biosensors have become a central tool 
for characterizing and quantifying bimolecular interactions, because SPR has shown a 
great potential for affinity biosensors, allowing real-time analysis of the 
bio-interaction without using the labeled molecules. BIACORE, lAsys system, IBIS 
Biosensor and Spreeta Evaluation Module of Texas Instrument are famed companies 
producing SPR biosensors [8]. 
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Two major applications of SPR biosensors are in detection and identification 
of biomolecules and analysis of biomolecular interactions. Numerous SPR biosensors 
have been reported [49,53,57] for detection and identification of molecules. These 
biosensors use different platform designs, detection methods and biomolecular 
recognition elements. The choice of system depends on size of target molecules, 
recognition element, bind characteristics and the analyte concentrations. If the 
concentration of the interested analyte produces a sufficient response, direction 
detection is preferred. If necessary, a secondary biomolecule may be coupled to 
increase the molecular mass in order to improve the lowest detection limits. Smaller 
molecule (with molecular weight < lOOOamu*, and which is defined that 1 amu = 
1.66 X r24g) are usually measured using inhibition assay. (* amu refers to atomic 
mass unit.) 
O) Detection of small molecules 
SPR biosensors have been demonstrated for small molecule relevant to 
/ 
environmental protection, medicine and food safety [65,66,67]. Detection of the 
triazine herbicide simazine (molecular weight = 201.7) in water was demonstrated 
using a binding inhibition assay with anti-simazine IgG antibodies or anti-simazine 
Fab fragments. The lowest detection limit was determined to be 0.16ng/mL for 
anti-simazine IgG antibodies and O.llng/mL for anti-simazine Fab fragments [65]. 
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Sakai group developed the other SPR biosensor for the detection of drug, 
methamphetamine (molecular weight = 149.24), using binding inhibition assay and 
the lowest detection limit was found to be O.lng/mL [66]. 
(2) Detection of medium-size molecules 
Botulinum toxin (molecular weight = 150 x 103) is an example of medium 
size molecule detected by SPR in food safety-related applications. Choi et al. 
demonstrated a direct detection of botulinum toxin using a SPR biosensor (BIAcore 
X). This biosensor was able to detect a concentration of 2.5|xg.mL [67]. 
(3) Detection of large molecules 
Representative of large analyte targeted by SPR biosensor technology include 
bacterial pathogens such as Escherichia coli. It belongs to large molecules category 
because of its long chain so we will measure its ability to give rise to monoclonal 
colonies i.e. colony-forming unit (cfu). Fratamico et al. demonstrated the detection of 
Escherichia coli 0157:H7 using SPR biosensor and sandwich. They used monoclonal 
antibodies immobilized on the sensor surface to capture E. coli head and polyclonal 
secondary antibodies for enhancing the response. The lowest detection limit for E. 
coli was determined to be 5 x 10^ cfu/mL. 
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Figure 2.12 Schematic diagram of SPR principle used in the commercial BIAcore 
instrument 
The development of SPR sensor technology for biological application received 
a great spur in 1990, when the first commercial SPR biosensor was launched by 
BIAcore International AB. Afterwards, BIAcore has developed a range of SPR 
laboratory-based instrument to enable the use of SPR biosensors technology for 
biomolecular interaction kinetic analysis, affinity measurements, screening and 
concentrationassay [25]. Figure 2.12 shows the schematic diagram of their design 
[52]. A high intensity (760nm) LED is used as the light source. The main feature of 
this design is the use of lens system providing a range of incident angle (65-71°) to the 
sensing surface and thus it is not necessary to install a high pressure rotational stage 
so that a higher stability of system can be achieved, A high-resolution photodetectors 
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Figure 2.13 Cross section of the Spreeta 2000，a SPR sensor from TI [53] 
An alternative design of biosensor was proposed by Texas Instruments Inc 
(2001) [53]. The use of novel miniaturization of fabrication methods enable the entire 
devides to be integrated into one moulded transducer as shown in Figure 2.13. A 
narrow-band infrared AlGaAs LED (wavelength 830nm) is employed as the light 
source. The range of incident angle is provided by a fixed aperture accompanied with 
a polarizer. The light beam is diverted at different location of the sensing layer 
corresponding to different angle of incidence. Also, a high-resolution photodetectors 
array is required to collect the SPR information from the reflected light. Sensitivity as 
high as 3.7 x 10" RIU (Refractive Index Unit) can be obtained from this sensor. 43 
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Chapter 3 Theory of irradiance modulator 
3.1 Polarization 
Polarization is a property of certain types of waves that describes the 
orientation of their oscillations. Electromagnetic waves such as light exhibit 
polarization. By convention, the polarization of light is described by specifying the 
orientation of the wave's electric field at a point in space over one period of the 
oscillation. When light travels in free space, in most cases it propagates as a 
transverse wave - the polarization is perpendicular to the wave's direction of travel. 
In this case, the electric field may be oriented in a single direction (linear polarization) 
after passing through a polarizer. For details of a polarizer, it will be covered later. 
In high school physics, we are taught "a single refractive index of refraction to 
each material". However, the world is more complicated. A simple experiment can 
prove the statement invalid. 
P-polarization and s-polarization 
Light is transverse in nature. There are two special cases: (a) transverse 
electric (TE) mode is defined as the electric field vector is parallel to the plane of 
interface and perpendicular to the direction of propagation; and (b) transverse 
magnetic (TM) mode is defined as the magnetic field vector is parallel to the place of 
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interface and perpendicular to the direction of propagation. For simple notation, 
"s-polarization" refers to TE mode while "p-polarization" refers to TM mode. 
3.2 Optical polarizer 
Anisotropic optical materials 
Let us take a beam of light that is linearly polarized along the x-axis and direct 
it at an object, measuring the angle the beam makes on either side of the boundary 
between the air and the object. 
Keeping everything constant, we repeat the measurement for each object by 
changing the linear polarization of the beam of light along from the x-axis to the 
y-axis. For many objects, like glass, water, a large salt crystal, both measurements 
give the same number for the index of refraction, but other objects like a large crystal 
of quartz or calcite, produce two different numbers. This means that light propagating 
through these latter materials is travelling at a different velocity depending on whether 
it is polarized along the x-axis or y-axis. 
A material which has different properties for different directions of 
polarization is called an anisotropic material. Obviously the first set of materials with 
only one index of refraction is isotropic, while the second set is anisotropic. This 
effect is easily seen when a beam of light containing both x-polarized and y-polarized 
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light in incident on an anisotropic material. The two polarizations have different 
indices of refraction and therefore travel along two different directions inside the 
material. This phenomenon is called birefringence and is illustrated in Figure 3.1. 
\ s o u r c e ： reflected b e a n y ^ 
i V S i Ey 
refracted beam 
Figure 3.1 Reflection and refraction of light at the surface of an anisotropic material 
The path of the reflected light is independent of the polarization (Ex or Ey) of 
the light. The path of the refracted light depends on whether the light is linearly 
polarized along the y-axis (out of the range) or x-axis (perpendicular to both the 
y-axis and the direction of light propagation). 
Operation principle of an optical polarizer 
All effects that depend on the index of refraction are different for these two 
polarizations. For example, the amount of light reflected or transmitted at the interface 
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depends on the polarization of the light. Likewise, the amount of light absorbed by the 
material is different for the two polarizations. 
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Figure 3.2 Effect of a polarizer on unpolarized and polarized light beams 
In fact, it is possible to fabricate materials that absorb one polarization nearly 
completely while allowing most of the other polarization to pass through. Such 
materials can be used to produce linearly polarized light, since only one polarization 
emerges when they are illuminated by unpolarized light. The device to produce linear 
polarized light from an unpolarized light is called an optical polarizer. 
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And these 'polarizers" can be used to check if a beam of light is polarized by 
rotating its orientation: if the source is linear polarized, the transmitted light intensity 
will be varied with the orientation (Figure 3.2). 
Blocking light with two polarizing filters 
The polarizer allows only light polarized along the x-axis to pass, while the 
analyzer allows only light polarized along the y-axis to pass. Since there is no light 
polarized along the y-axis emerging from the polarizer, no light passes through the 
analyzer. For the details of operation, it is shown in the figure below. 
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a - ^ f C l a P f C 
Polariz ing 
f i l ters 
；r. 
r. 
Polar iz ing ^ ^ 
/ f i l ters 
Figure 3.3 Light intensity control when a polarizer and an analyzer are put together 
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3.3 Liquid Crystal Modulator 
Birefringence 
Birefringent materials possess one additional important property. Consider 
light containing both p-polarized and s-polarized components that strikes a slab of 
such a material at an angle of 90° to the surface. In this case neither polarization is 
bent, so both polarized components travel along the same direction in the material, but 
at different velocities. One of the polarizations therefore gets ahead of the other, 
causing the phase difference between the two polarizations to change as the light 
travels through the material. 
If the two polarizations started out of the phase (zero phase difference); they 
will emerge with a phase difference that depends on the thickness of the material. 
Devices that utilize this effect are called phase retarders and are extremely useful in 
many optical applications. 
For example, if the thickness is carefully adjusted to cause a 90° change in the 
phase difference, light that is linearly polarized upon entering the material emerges as 
circularly polarized light. Likewise, circularly polarized light incident on this slab 
emerges as linearly polarized light. Obviously, varying the thickness of the material 
produces many other possibilities. 
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Operation principle of a liquid crystal modulator (LCM) 
Despite of changing the physical thickness of the material, a simple 
electronic-controlled tool has been introduced. Liquid Crystal Modulator (LCM) is an 
electronic-driven (voltage-controlled) phase retarder which by altering the alignment 
of random polarized liquid crystal elements inside, the phase difference between two 
polarizations can be varied. 
Figure 3.4 Rotating polarization in a beam of light 
Light travels through the spacing of the molecular arrangement. Its 
polarization also "twists" as it passes through the twisted liquid crystals. Light passes 
through liquid crystals, following the direction in which the molecules are arranged. 
When the molecule arrangement is twisted 90° as shown in the figure, the optical 
polarization also twists 90° as it passes through the liquid crystals. Light bends 90° as 
it follows the twist of the molecules. 
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Molecules rearrange themselves when voltage is applied. When voltage is 
applied to the liquid crystal structure, the polarization rotated light passes straight 
through. 
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Figure 3.5 Molecules are aligned under the influence of external voltage 
The molecules in liquid crystals are easily rearranged by applying voltage or 
another external force. When voltage is applied, molecules rearrange themselves 
vertically (along with the electric field) and light passes straight through along the 
arrangement of molecules. 
The photo below shows the chosen LCM in the project. For details of its 
response to different applied voltages, it will be discussed in next chapter. 
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Figure 3.6 Photo of a piece of LCM element 
3.4 Irradiance Modulator 
Operation principle of an irradiance modulator 
A combination of polarizing filters and twisted liquid crystal creates a liquid 
crystal display. When two polarizing filters are arranged along perpendicular 
polarizing axes, light entering from above is re-directed 90° along the helix 
arrangement of the liquid crystal molecules so that it passes through the lower filter. 
When voltage is applied to the device, the liquid crystal molecules straighten 
out of their helix pattern and stop redirecting the angle of the light, thereby preventing 
light from passing through the lower filter. 
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Figure 3.7 Orientation of an irradiance modulator 
The aforementioned analyzer is just another polarizer with the polarization 
angle set at 90° phase difference to that of the polarizer. Therefore when a polarizer 
and an analyzer are put closely together (refer to Figure 3.3), no light wave could be 
transmitted. However, if an additional LCM is put between them, the intensity of the 
transmitted light will change according to the applied voltage. The set of 
polarizer-LCM-analyzer is commonly known as "Irradiance Modulator". 
Figure 3.8 Orientation of a special irradiance modulator 
As seen in the Figure 3.8，an irradiance modulator comprises of a polarizer 
(left), a piece of LCM (middle) and an analyzer (right). An analyzer is defined as a 
53 
Pixel-referencing Phase-sensitive Surface Plasmon Resonance Imaging Sensor 
polarizer with its polarization angle opposite to the polarizer before (left). If the 
polarization angle of the polarizer (left) is set to at an angle of p + 45°，where p refers 
to the p-polarization, then the polarization angle of the analyzer should be set at an 
angle o f p - 4 5 ° . 
Phasor expression for both signal and noise vector 
The sinusoidal signal wave can be expressed in vector format. It can be drawn 
in a phasor diagram with amplitude A and phase 9 . When there is a random noise 
source, an additional randomly rotated vector is added to the signal vector. As the 
phase value is of our interest, we need to deal with the noise to phase. It can be 
reduced by a differential approach. Pixel-referencing is a useful technique to tackle 
both intra-frame and inter-frame noise due to nonlinearity and mechanical movement. 
Geometry of polarization of the beam after passing through polarizer-LCM 
In Figure 3.8，the polarizer is set at an angle of p + 45。，and the LCM has a 
modulation depth is 360°, i.e. the LCM is able to retard two orthogonal polarizations 
by 360°. The phase retardation of the LCM is driven by different applied voltage. For 
the physics behind, it is discussed in the previous section. A beam of unpolarized light 
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beam passes through first the polarizer, then the LCM, and the resultant geometry of 
the resultant beam of light is shown in Figure 3.7. 
Ep leads Es by 0° 45° 90° 135° 180° 225° 270° 3 1 5 � 3 6 0 ° 
Figure 3.9 Geometry of the resultant beam of light after passing through a polarizer 
and then a LCM with modulation depth 360° (Also refer to Figure 3.10). 
If another polarizer is now inserted in the optical path with an angle (p + 45°)， 
the varying phase retardation can be observed via the varying intensity: The intensity 
of the resultant light beam reaches the maximum when the Ep leads Eg by (also known 
as retarded phase) 0° or 3 6 0 � a n d it becomes the minimum when the retarded phase is 
180�. 
Simulation 
When we encounter the effect of SPR (which causes a shift in phase of the 
beam of light), the equation representing the intensity of the resultant beam of light 
becomes: 
I = Ep2 + Es^ + 2EpEsCos (AV|/LCM+50SPR) (3 .1) 
where Ep is TM wave, Eg is TE wave, A\|/LCM is the retarded phase by the LCM and 
59SPR is the phase shift by the SPR effect. 
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Figure 3.10 Simulation of the resultant beam of light after passing through the same 
LCM with two different retarded phases: 0° (left) and 45° (right) 
A simulation was done. A plot of the geometry of the resultant beam of light 
after passing through a polarizer and then a LCM with the retarded phase (T and 45° 
was shown in Figure 3.10. The intensities of both TM and TE waves were 
normalized. 
From polarizer-LCM to an irradiance modulator 
The geometry of the polarization of the resultant beam of light after passing 
through the polarizer-LCM set is resulted in the variation in polarization of the 
resultant beam of light but not the variation in intensity. Variation is polarization 
cannot be easily detected. Therefore, an extra polarizer with opposite polarization 
angle was required to be added behind the polarizer-LCM set. 
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Another simulation was done for the resultant intensities of two beams of light 
(with and without the SPR effect) after passing through the irradiance modulator 
(polarizer-LCM-analyzer set). 
The LCM (A\|/LCM) was modulated from -360° to 360� . The intensities of two 
incoming beams of light (Ep and Eg) were normalized. The phase difference (60SPR) 
between the reference (without SPR effect) and the signal (with SPR effect) was 60°. 
Based on the equation (3.1)，a plot of the simulation curve was shown in Figure 3.11. 
Both resultant intensities are sinewave-likea and the phase difference (59SPR) 
between the reference and the signal is clearly shown. In this ideal case, the SPR 
phase extraction algorithm is simple and neat. Algorithms like locating maxima or 
minima can be employed in order to make an accurate extraction of the phase shift by 
the SPR effect. 
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Irradiance Modulator: Reference (solid) & Signal (clotted) 
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Figure 3.11 Simulation for an irradiance modulator with and without the SPR effect 
Signal-to-ratio and phase measurement accuracy 
Our signal traces, which are truncated sine waves, can be represented by a 
signal vector, i，e. vector quantity. Any unwanted noise is then expressed by a small 
rotational phasor added to the tip of the signal vector. The noise phasor can no longer 
be added to the amplitude directly to account for the fluctuations because of its vector 
nature. It affects both amplitude and phase (from 9 to ip ) as shown in Figure 3.12. 
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As phase extraction is our main concern, the measurement accuracy affected 
by the nose phasor should be estimated before taking experimental results. 
Imaginary 
i k 
Noise: A2C0s(aJ t+9 2) 
f 7 
Signal^/ Z 
A i c o s ^ t+G i ^ r 
� j r Resultant: A3Cos(w t+6 3) 
— f \ • Real 
Figure 3.12 Resultant vector is formed by addition of both signal and noise vectors 
First, we assume the signal and noise phasors be s and n: 
s = Aicos(o)t + 61) 
n = A2Cos(a)t + 02) 
�� 
where A and A2 are amplitudes of signal and noise phasor respectively, CO is 
rotational frequency, t is time and 9 1, 0 2 represent phases of signal and noise 
respectively. 
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Then, the addition of signal and noise forms the measured signal s，： 
S 一二 + 9 I ) + A2C0S(^(I)T + 02 ) 
Using Euler formula, the measured signal s' can be further reduced: 
AiCOS((ji)t + 9i) + A2C0S(0)t + 02) 
= = 爪 e 加 t + Aje �！⑴广 
where >43^  = (AiCosOi + A2COS92Y + (AiSinOi + A2sin92)^ and 
KAxCOsOx+AzCOsezJ 
Now, if we assume that the signal-to-noise ratio of Ai:A2 is 10:1，and the 
phase of the signalS 1 is 45° while the phase of the noise 0 2 varies from 0° to 360°， 
the phase error (0 3 - 0 1) curve is then generated as shown in Figure 3.13. 
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Phase error curve is 45。, A1:A2 = 10:1] 
6 r c c c c c c ir-7 ；cm � r 0， / \ ‘ 
W \ . . 
^ V / 
.6'^ ^ C c C 1 c LJ. 
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02 0 
Figure 3.13 Phase error caused by a random noise vector with 10% amplitude 
The phase error becomes larger when the signal-to-noise ratio decays to 2:1 
with other parameters remaining unchanged which is shown in Figure 3.14. When the 
signal-to-noise ratio improves to 100:1，the phase error varies with smaller amplitude 
which is shown in Figure 3.15. It proves that the signal-to-noise affects the phase 
which shows the amplitude variation can affect the phase measurement. 
61 
Pixel-referencing Phase-sensitive Surface Plasmon Resonance Imaging Sensor 
Phase error curve [9^ is 45°, A1:A2 = 2:1] 
30 r- c c ~ c c c c—• 4 / \ I 
cd" -10 - / \ ‘ yy.. 
-30 - ^^^^^^z , 
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02(0) 
Figure 3.14 Phase error caused by a random noise vector with 50% amplitude 
Phase error curve [9^ is 45°, A1:A2 = 100:1] 
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Figure 3.15 Phase error caused by a random noise vector with 1% amplitude 
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To further investigate the effect of amplitude variation to phase measurement, 
the fixed phase of signal traceG lis then varied from - 3 0 � t o 75°. It was found that 
similar cases happen when the phase of signal varies. The smaller the amplitude of the 
noise (better signal-to-noise ratio), the smaller the phase error in measurement. The 
results are shown in Figure 3.16. 
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Figure 3.16 Phase error caused by a random noise vector with 1% amplitude under 
different phases of signal trace 
In our experiment, in order to achieve maximum signal-to-noise ratio, we 
maximized the dynamic range of the CCD camera and the experiments were 
conducted in a dark room using a Helium Neon laser as the only source of light. 
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Comparison between using LCM and using MZ configuration 
The effect of a LCM controlled by different voltage in the irradiance 
modulator is similar that of the mechanical motion of a piezoelectric transducer (PZT) 
in the double-beam interferometer using Mach-Zehnder configuration. Both of them 
acts as a phase stepping device in their respective systems. 
As reported in the journal by our group [30], the voltage-controlled PZT was 
proposed to be attached to a mirror for stepping the phase for the reference beam. The 
time-varied path difference between the reference and the signal gives a time-varied 
sinewave-like intensity of the resultant beam with similar equation: 
I p = I p , r e f + I p , s i g + 2 ( I p , r e f C O S ( \ | / n i o d u l a t i o n + M^noise + ^ p ) ( 3 . 2 ) 
where I and denote the intensity and phase angle, respectively, and subscripts s，p， 
ref, sig, modulation, and noise carry their respective definitions. 
？： ？ 〉 义 , l o s i n g t j g M 
Similarities Sinewave-like intensity 
Differences Sensitive to mechanical Insensitive to mechanical 
movements movements 
Table 3.1 Comparison between the LCM in a single-beam interfereometer and the 
PZT in a double-beam interferometer 
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Both of the LCM and the PZT act as a phase stepping device. Because the 
PZT is sensitive to mechanical movement, the LCM is a more suitable for achieving 
higher phase measurement accuracy. The comparison is summarized in Table 3.1. 
Finally, the scheme using the LCM was adopted when comparing to the scheme using 
the PZT in MZ configuration. 
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Chapter 4 LCM characterization 
The liquid crystal modulator (LCM) chosen in the project is supplied by 
QuantumLink Technologies Co. Ltd., Shenzhen. 
Since the manufacturer did not provide detailed specifications on this device, 
we had to first characterize its performance before implementing the LCM scheme for 
sensing purpose. 
The characterization procedures included three parts: (1) Single LCM 
Transmittance driven by pure square wave. (2) Single LCM Reflectance driven by 
50:50 saw-tooth amplitude-modulated wave. (3) Multiple LCM Reflectance driven by 
90:10 saw-tooth amplitude-modulated (STAM) wave. 
4.1 Single LCM Transmittance driven by pure square wave 
Function 
Generator 
z r r z 
y L — — I 
^ J ~ + - + - + 一 HeNe laser 
photodiode L j | L . | L 
p-45 LCM p445 
Figure 4.1 Experimental setup for testing single LCM transmittance 
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A simple setup (Figure 4.1) was constructed for characterizing the response of 
a single piece of LCM in an irradiance modulator. For mechanism of an irradiance 
modulator, it is discussed in the previous section. The photodetecting module used 
was a photodiode (RS，model# IPL10050CW) biased by 9V DC battery whose circuit 





Figure 4.2 Circuit diagram of photodetecting module 
The LCM's specification is shown in Appendix 2 and the photo of the LCM 
element is shown in Figure 3.6. The LCM was driven by a function generator (Leader, 
LFG-1300). The frequency of the applied voltage was 1-kHz pure square wave and its 
amplitude ranged from 0 to 13V (a sample driving voltage is shown in Figure 4.3). A 
high frequency square wave was typically used for driving LCMs; otherwise their 
lifetimes were shortened significantly. A Helium Neon (HeNe) laser (randomly 
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polarized, 15mW，632.8nm) was the source and the light passed through a polarizer 
(Edmund Optics linear polarizer, p + 45°)，the LCM and an analyzer (Edmund Optics 
linear polarizer, p - 45°) consecutively. 
Drive Voltage for LCM 
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1 
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Figure 4.3 Drive voltage for LCM (pure square wave) 
The overall transmittance responses were recorded for different applied 
voltages and are plotted in Figure 4.4. Theoretically, the response of the 
polarizer-LCM-analyzer is a sinewave-like according the equation (3.1). However, 
Figure 4.4 shows a different case. 
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The selected LCM is still a good candidate for use as a phase stepping device. 
The phase of different polarization is retarded with respected to different voltages. As 
seen in the Figure 4.4，the solid line refers to the measurements of the resultant 
intensity in terms of voltage of the photodiode while the dotted line is a curve-fitted 
function to the solid line. 
According to the figure, the trough of transmittance appeared when the applied 
voltage was 1.8V，while the peak appeared when the applied voltage was 4.2V, which 
shows a 180° modulation. The modulation depth of the LCM when applying from 
0.5V to 6V is 360°, i.e. 2TT，which means its operation range is from 0.5V to 6V. 
Response curve of LCM - Transmittance against Applied voltage 
45 r “ C C [ 1 L L 了 . 
K LCM 
40 ‘ \ 1 8 0 � 10th degree [ 
35- LY 
广 / \ _ 
！ ： / / V 3 6 � � ： 
0 2 4 6 8 10 12 
Applied Voltage (V) 
Figure 4.4 Transmittance curve versus drive voltage 
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4.2 Single LCM Reflectance driven by 50:50 STAM wave 
Based on our characterization results, (1) the function of the LCM chosen is 
defined and (2) its operation range is found. 
In order to enable a phase-sensitive SPR sensing, an electronic phase stepping 
device for the irradiance modulator is missing. A saw-tooth amplitude-modulated 
(STAM) wave with its carrier: 1-kHz square wave and the signal: IHz triangular 
wave, amplitude from 0 to 13V (Figure 4.5) was proposed to drive the LCM. 
The STAM wave was generated by a Digital-to-analogue converter (DAC) 
card (National Instruments, PCI-6036E，200kS/s, 16bits). 
50:50 Saw-tooth modulation: 1kHz earner, 1Hz Signal 
15 1 1 1 1 1— 1 1 1 1 
10 
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j o 請 | | H | 
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0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 
Time (sec) 
Figure 4.5 Voltage waveform for driving LCM (50:50 STAM) 
Reflectance, instead of transmittance, was examined in the characterization. 
The experimental schematic is shown in Figure 4.6. Interferometric images were -
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taken by a charge-coupled device (CCD) camera (Lumenera, Infiniy, 
40frames/second, 640 pixels x 480 pixels). Its datasheet is attached in Appendix 4. 
The air was used as a sample and an arbitrary pixel was selected for tracing the 
reflection response given by the single-beam LCM-based interferometer. The 
resultant curve is plotted in Figure 4.7. 
Surface Plasmon Resonance Imaging Setup 
^ D/A ^ 
Computer 一 
Converter \ 
H e N e ) 
/ K \ /CT；^ ?^—。） 
Focusing lens / equilateral \ ^ x p a n d ^ / " " " ^ 
Analyzer 
‘ J j J—‘ Gold-coat BK7 glass slide’ 
Sample 
Figure 4.6 Experimental setup for SPR sensing based on LCM (Sample: Air) 
The plot (Figure 4.7) can be divided into two parts: the left one refers to the 
response of the setup for a voltage between 0.5V to 6V (Case 1)，while the right one 
refers to the response for the voltage range of 6V to 0.5V (Case 2). 
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Figure 4.7 Reflectance curve using a single LCM element (50:50 STAM wave) 
The reflectance curve is asymmetric, i.e. the response for Case 1 is different 
from the response for Case 2. This indicates that the response of a LCM element when 
On account of this finding, a 90:10 STAM wave was proposed instead of a 50:50 
STAM wave. 
As seen from the curve, the modulation depth is 270°, i.e. 1.5TT for either 
Case 1 or Case 2. Only one piece of LCM element did not provide enough modulation 
for carrying phase. The solution was using multiple-LCM. For details, it will be 
discussed in the next section. 
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4.3 Multiple LCMs Reflectance driven by 90:10 STAM wave 
The significance of employing our phase extraction algorithm, which will be 
discussed in the next chapter, is that we need to capture as many cycles of phase 
modulation as possible in every signal trace is order to increase the phase extraction 
accuracy as the data processing algorithm relies on comparing the phase locations of 
truncated sine wave. 
W T j I H K p f ^ ' 
_ 
Figure 4.8 Photo of 4 pieces of LCM elements (glued by matching oil) 
In order to increase the modulation depth, multiple LCM elements were used 
instead of a single LCM element. A beam of light passing through 1 piece of LCM 
element was found carrying 270�modulation, for the case of 4 pieces of LCM 
elements; the light will carry four times the modulation depth, i.e. 1080°. Using 4 
pieces of LCM elements is a reasonable compromise between attenuation and 
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modulation depth. In order to minimize the reflection at interfaces between LCM 
elements, matching oil was used to bind the glass slides together (Figure 4.8). 
90:10 Sawtooth modilaUon: 1kHz carrier, 1Hz Signal 
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Figure 4.9 Applied voltage for LCM (90:10 STAM) 
Owing to the asymmetric property of the LCM, the driving signal of the LCM 
was changed to a 90:10 STAM wave (Figure 4.9). For the hardware, the experimental 
setup was basically the same as that in the previous section. The only difference was 
that the number of LCM elements used was changed from 1 to 4 pieces. The photo of 
the real setup is shown in Figure 4.10. Similar to the previous section, an arbitrary 
pixel was picked from the interferometric video captured by the CCD camera 
(640pixels x 480pixels, 40frames/second). And the output response is plotted in 
Figure 4.11. 
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• ^ m m i 
Figure 4.10 Photo of experimental setup 
By using a 90:10 STAM waveform, the forward response by driving the LCM 
with voltage from 0.5V to 6V was maximized. The number of data points for locating 
phase positions is therefore maximized for more accurate phase extraction. The phase 
extraction algorithm later only focuses on analyzing the forward response only. 
Truncated sine wave (from FN 100* to FN300) can be extracted within the 
captioned response for the phase extraction. Comparing to Figure 4.7，it shows a 
more sinewave-like signal curve. The phase term can be easily extracted using the 
truncated sine wave. 
* FN refers to Frame Number 
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Reflectance by multiple LCM elements 
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Figure 4.11 Reflectance curve of multiple LCM elements (90:10 saw-tooth) 
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Chapter 5 Background of phase measurement 
5.1 From holography to shearography 
Holography 
Holography is a technique that allows the light scattered from an object to be 
recorded and later reconstructed so that it appears as if the object is in the same 
position relative to the recording medium as it was when recorded. The image 
changes as the position and orientation of the viewing system changes in exactly the 
same way as if the object were still present, thus making the recorded image 
(hologram) appears three dimensional. 
Holography was invented in 1947 by the Hungarian-British [1] physicist 
Dennis Gabor (Hungarian name: Gabor Denes) [2] work for which he received the 
Nobel Prize in Physics in 1971. Pioneering work in the field of physics by other 
scientists including Mieczystaw Wolfke resolved technical issues which previously 
had prevented advancement. The discovery was an unexpected result of research into 
improving electron microscopes at the British Thomson-Houston Company in Rugby, 
England, and the company filed a patent in December 1947 (patent GB685286). The 
technique as originally invented is still used in electron microscopy, where it is known 
as electron holography, but holography as a light-optical technique did not really 
advance until the development of the laser in 1960. 
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Figure 5.1 Holographic recording process [33] 
As seen in Figure 5.1, a coherent light beam (usually a laser beam) is divided 
into two parts by an amplitude beam splitter. The illumination beam is directed to the 
object which carries the information of the surface of the object. For the other part of 
the beam, also known as the reference beam, is first directed to a mirror, and then 
interferes with the object beam (the scattered illumination beam after the object). The 
photographic plate shows the static inference pattern. 
Shearographv 
Shearography is an optical nondestructive testing method that provides fast 
information about the inside quality of different materials. Shearography is being 
extensively used in production and development within aerospace, space, wind rotor 
•78 
Pixel-referencing Phase-sensitive Surface Plasmon Resonance Imaging Sensor 
blades, automotive and materials research areas. Main advantages of shearography are 
the large area testing capabilities. 
The very basic idea with shearography is to take images of a test specimen's 
surface with a special shearography camera. The camera acquires an interferometric 
image of the surface and stores it in a computer. This image can be thought of as a 
unique footprint of this surface, at this state, including surface roughness and shape. 
The material is now stressed with a small amount of load, for example with 
heat. The material wants to expand when heated up, and if it has weak spots it will be 
allowed to expand more. At the loaded state one more interferometric image is taken. 
Now we also have an interferometric footprint of the area at the deformed state. 
CCD 
I ^ 
HI - f ~ - — 
- I w J . 
_ ；, \ I N 
y g ) Phase Stepping 
^ m m w Mirror 
Test Object 
Figure 5.2 A modified Michelson cube is here used where a double breaking mirror 
as a beam splitter. One mirror is for adjustment of shear properties and the other is for 
phase stepping [34] 
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To extract information about the difference between the two states, with 
appropriate software in the computer, we subtract the two images and a shearogram is 
created. This shearogram is in fact a map of the strains the surface has undergone due 
to the applied heat, in other words the gradients (slopes) of the expansions on the 
surface were measured, not the surface's expansion. The sensitivity of measurement 
normal to the surface (out of plane) is about one half the wavelength of the laser light 
used in illuminating the surface (about 30.0 nanometers in the case of HeNe laser). 
Using a Phase Stepping Shearography Sensor will however give a much 
higher sensitivity to fractions of the wavelength, normally 20 nm is a good rule of 
thumb. The defects will be seen as fringe patterns resembling a pair of "hills" or a pair 
of "bulls-eyes" superimposed on the surface's image. The size of the defects (in plane) 
can be quantified by measuring how large this fringe pattern is. 
The Phase Stepping 
^ ^ Movement ofthe Phase Stepf»ng 
Mirror, 
一调 
Phase Stepping y ^ 丄 ； 
The CCD records one Image at each 
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Figure 5.3 The phase stepper moves through its four positions with difference step 
change of 1/4 wavelength; at each position an image is recorded and sent to the 
software processor to evaluate the phase information with a best fit algorithm [34] 
5.2 From Static Mach-Zehnder (MZ) interferometer to 
differential-phase MZ interferometer 
Static Mach-Zehnder interferometer 
The pioneering work on imaging SPR was first undertaken by Rothenhausler 
and Knoll in 1988 for investigating patterned surfaces [14]. Since then SPR imaging 
has demonstrated rapid development and various techniques have been proposed by a 
number of researchers. SPR interferometric imaging is one of the major SPR 
techniques developed for surface monitoring. 
There are many different sensing technologies in SPR interferometric sensing. 
Recently, Nikitin et al. demonstrated two-dimensional SPR phase imaging with a 
static Mach-Zehnder interferometer. However, the design is very sensitive to 
mechanical movements in the optuical components, thus leading to phase 
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6 
Figure 5.4 Scheme of SPRI imaging: (1) light beam; (2,4) polarisers; (3,10) 
beam-splitting cubes; (5) phase-retarding glass plate; (6) mirror; (7) SPR prism; (8) 
gold film; (9) patterned coating; (11) analyzer; (12, 13) imaging lenses; (14) CCD 
camera 
Differential-phase MZ interferometer 
Because the static MZ interferometer is very sensitive to mechanical 
movements, differential-phase approach is adopted to solve the problem. Another 
simple way to introduce these phase shifts is to mount one of the mirrors of the 
I \ 
interferometer on a piezoelectric traducer (PZT) and apply suitable voltages to the 
PZT. Accurate calibration of the PZT is then very important to obtain the desired 
phase shifts between data frames. 
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Mach-Zehnder (MZ) configuration has been frequently applied because of its 
high sensitivity in phase detection. However, it is very sensitive to mechanical 
vibration. Our group has proposed a differential phase approach, i.e. taking TE wave 
as a reference to TM wave, in order to cancel out the disturbance [16]. 
The configuration of the differential phase SPR imaging sensor is shown in 
Figure 5.5. Laser beam from a 10 mW HeNe laser is expanded by a 20x objective 
lens and a convex lens. The magnification of the beam is adjusted to cover a larger 
area of the sensing surface. In addition, an attenuator is incorporated for adjusting the 
beam intensity in order to avoid saturating the CCD imaging device (the quantization 
resolution of the CCD camera is 8-bit). 
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Figure 5.5 Scheme of differential-phase Mach Zehnder interferometer [16] 
A Mach-Zehnder interferometer is used in the system for phase detection. A 
50:50 beam splitter cube is used for separating the expanded laser beam into two 
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paths. The first path Is is for the probe arm and other path iRef is for the reference arm. 
In the probe arm, the beam enters a glass prism arranged in the Kretschmann 
configuration. The prism has an � 5 0 nm thick gold layer coated on the sensor surface 
for exciting the required surface plasmon wave. The PDMS (polydimethylsiloxane) 
microchamber device is mounted on the sensor surface. Each chamber is an 
independent cell. This ensures that a number of sensing measurements may be 
performed simultaneously. The size of each chamber is 1.5 mm in diameter and the 
distance between adjacent spots is 1.8 mm. The diameter of these microchambers can 
be further reduced too if necessary. In the reference arm, the laser beam is reflected 
by a plane mirror mounted on a piezoelectric transducer (PZT). With a saw-tooth 
wave drive signal at 0.1 Hz frequency, the PZT introduces a periodic linear phase 
shift to the reference optical beam. 
When Is and iRef recombine again at the second beam splitter, interference 
between them produces an interferogram. Since the two interfering beams are parallel 
to each other, intensity variations within the interferogram may provide the required 
SPR phase distribution caused by the sensing activity taking place at each sensor site. 
To achieve differential phase measurement, a Wollaston prism is placed in front of the 
CCD imaging device to separate the p-polarization and s-polarization. Since only 
p-polarized light induces the SPR effect, information obtained from the s-polarization 
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serves as a reference. The optical system can be considered as two independent 
interferometers operating in parallel. Finally, interferometric phase stepping movies 
videos from the p-polarization and s-polarization are captured by the CCD imaging 
device. The two interferometeric videos are then analyzed frame by frame using a 
computer, and the SPR differential phase distribution at the sensor surface is obtained. 
The differential phase is defined by subtracting the phase shifts of the 
p-polarization and s-polarization. The common-mode noise is reduced in order to 
enhance the phase measurement sensitivity. 
Using the ML configuration, the SPR phase could be more accurately obtained. 
A higher resolution has been achieved. But the complex configuration SPR setup 
hindered its publicity. 
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5.3 From differential-phase imaging to pixel-referencing 
imaging 
Although the differential-phase imaging enhances the sensitivity greatly, the 
optical setup is complex and difficult for instrumentation. Besides, the 
differential-phase imaging approach acquires the PZT involving physical motions 
which easily induces external noises. We need another simpler optical setup for 
accurate SPR phase measurement. 
Therefore, pixel-referencing imaging is proposed. It is based on the 
single-beam interferometer. The LCM is controlled by external applied voltage. No 
physical movement is involved. All the components in the optical setup can be fixed 
and so limits the possibility of the addition of noises. Liquid crystal (LC) was chosen 
in this project because of its compact size and unique electro-optical effects, which 
permit a small electric field to change the retardation of the cell. The LC linear 
retarders (non-twisted nematic) are optically anisotropic media that act as a uniaxial 
(Hecht, "Optics".) retardation plate and exhibit optical birefringence. They produce 
different polarization states depending on the external applied voltage 
Liquid Crystal Modulator (LCM) is another approach for SPR phase detection. 
Comparing to MZ configuration, LCM is a single inteferometry alignment which is 
simpler. However, owing to its temperature dependency and non-linearity, it is 
\ *• 
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difficult to extract accurate phase shift until our group have contributed by using 
multi-pass beam-folding device with active temperature control [17]. 
For the operation principle of the system, it should be mentioned that SPR 
only affects the p-polarization of the incoming light. The s-polarization remains 
unperturbed and may be used as the reference. The system has built-in capability for 
complete elimination of unwanted noise coming from the environment, as phase 
changes due to external disturbances other than the coming from SPR should be 
present in both of the two orthogonal polarizations. The resonance condition of SPR is 
primarily influenced by the refractive index of the medium near the sensing surface. 
In the system, the phase difference between the p-polarization and 
s-polarization (i.e. retardation) may come from three effects: (1) SPR, which is the 
quantity we aim to measure; (2) artificial retardation modulation introduced by the 
LCM; (3) unwanted phase polarization effects associated with the optical components. 
The fact that the system is inherently a self-referencing as well as differential one, it is 
likely that only the third one has left to deal with. From the experimental results, it is 
shown that errors due to this item are extremely small, hence leading to very high 
measurement resolution 
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Figure 5.6 Experimental setup of LCM-based SPR sensing system [17] 
In the project, two-dimensional (2D) imaging is of our interests. 
Pixel-referencing is to (1) improve phase measurement accuracy because the 
reference point is taken from within the same region of interest. (2) Film thickness 
• • > 
variations can also be removed if we choose reference right next to the sensor sites. 
Differential-phase imaging is a hardware-based process involving the 
differential phase value between two polarizations. However, Pixel-referencing 
imaging is a software approach in dealing with unwanted noises by both intra 
pixel-referencing and inter pixel-referencing. Reference pixel is selected in the image 
in order to improve the sensitivity. For details of the background, concept, algorithm 
used, and results obtained for pixel-referencing, it is discussed in the next chapter. 
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Chapter 6 Pixel-referencing 
6.1 Background 
SPR Phase measurement 
Surface plasmon resonance (SPR) is an interesting physical phenomenon. It 
depends on the polarization of the incoming beam of light. Only the Transverse 
Magnetic (TM) mode (also known as p-polarization) will induce SPR effect while the 
Transverse Electric (TE) mode (s-polarization) will not induce it. With the resonance 
effect, the intensity of the resultant beam of light will be reduced and its phase will be 
shifted. The SPR phase measurement has been reported, in both theory and practice, 
to be more sensitive than the SPR intensity measurement in the detection based on the 
change in refractive index at surface head. For details of the theoretical background, 
please refer to the previous chapter. 
Phase change 
Talking about measurement, finding absolute value is not usually our interest, 
but rather，we often aim at finding the relative value. Taking temperature 
X 
measurement as an example, both 0 � C and 100�C does not give us a clear picture on 
how low and high temperature, unless we define the melting point of pure ice under 
room temperature and pressure at 0°C (as a reference point), and further increase its 
1 ‘ 
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temperature by heating or radiation for another 100°C, the melting water evaporates. 
The 100°C is not absolute but relative and brings us more information. 
Similar case occurs in SPR phase measurement. Most research groups, instead 
of giving absolute phase shifts, usually have presented their findings in the form of 
relative phase shifts. This is known as "phase change". Phase change is defined as 
SPR phase difference among different samples. 
In a SPR phase measurement experiment for different concentrations of 
sodium chloride solution, we chose pure water (Refractive Index Unit, RIU: 1.3330) 
as the reference point, its phase shift due to the SPR effect was first calibrated at 0°. 
Then the 1% sodium chloride solution (RIU: 1.3339) was set as one of the signals, its 
SPR phase difference was calculated as x° with respect to that of pure water. And the 
SPR phase shifts of other concentrations (e.g. 2%, 4% etc.) of sodium chloride 
solution were obtained in a similar manner. 
Differential phase 
In polarization, transverse modes are classified into different types: TE mode 
(s-polarization) refers to no electric field in the direction of propagation. TM mode 
(p-polarization) refers to no magnetic field in the direction of propagation. 
I • 
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Since only the p-polarization induces the SPR effect while the s-polarization 
does not induce this effect. Therefore, our group has proposed the concept of 
differential phase in SPR phase measurement. 
The phase shift of the p-polarization was defined as Op, and that of the 
s-polarization was defined as Os. Because the SPR effect only affects the 
p-polarization, any variation in refractive index at surface head will be resulted in an 
additional phase shift of the p-polarization Op. Os was treated as a reference. 
Differential phase was defined as the phase difference between the phase shifts of the 
p-polarization and s-polarization (i.e. Op - Os). 
Differential phase was preferred because it can successfully reduce the 
common mode noise, like mechanical noise. It has been proved to improve the 
resolution in a two-beam interferometry based SPR sensing using the Mach Zehnder 
interferometer configuration [16]. 
Figure 6.1 is an example demonstrating the presence of differential SPR phase 
between two reflect beams of light: the p-polarization (with smaller intensity) and 
s-polarization (with larger intensity). First, due to the SPR effect, the intensity of the 
p-polarization reflected beam of light was greatly reduced when comparing to that of 
the s-polarization reflected beam of light. Second, a phase shift was clearly shown 
I •• 
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between the two beams of light. The captioned phase shift was the differential SPR 
phase. 
Diffeience in p^waw and s-wane after smoothing for the same point 
1401 1 1 1 1 1 1 1 1— 1 
：圖膽八I •mm 
40 V 
201 1 1 1 1 1 1 I I • 
0 50 100 150 2 0 0 2 5 0 3 0 0 3 5 0 4 0 0 4 5 0 5 0 0 
Figure 6.1 Two signal traces extracted from a double-beam Mach-Zehnder 
configuration, the trace with smaller amplitude was the p-polarization (with SPR 
effect)，and another trace with larger amplitude was the s-polarization (without SPR 
effect) 
Both the p-polarization and s-polarization signal traces were obtained from a 
particular pixel. A differential phase shift of the pixel was obtained by employing a 
suitable phase extraction algorithm, like dividing the path difference between two 
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traces by the period of either trace (the periods of both traces generated by the only 
one PZT were the same). 
When comparing to the phase difference, differential phase difference reduced 
common mode noises and therefore the accuracy for phase detection could be greatly 
enhanced. However, the disadvantage of employing differential phase technique in 
SPR phase sensing is that a double-beam interferometer and a Wollaston prism are 
necessary. Two identical interferometric optical paths for both the p-polarization and 
s-polarization should be conducted by means of Mach-Zehnder configuration. The 
captioned configuration has difficulty in minimizing the chance of having errors due 
to mechanical vibrations. 
For system simplicity, a single-beam inteferometric setup using liquid crystal 
modulator (LCM) was chosen in this project. 
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6.2 Procedures 
The concept of pixel-referencing can be divided into two parts: (1) intra-frame 
pixel-referencing and (2) inter-frame pixel-referencing. For details, it is elaborated by 
the following section. 
A. Intra-frame pixel-referencing 
C^^^  Cj^^ 
C^ ^ C^^^  
C^^^  C^^^  
C^^^  C^ ^ C^!^^ 
Figure 6.2 Arrangement of sample chambers containing salt solutions of different 
concentrations 
After capturing the interferometric images of different RIU, suitable phase 
extraction algorithm is employed to generate a phase map at the sensor surface. 
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Extreme pixels due to external noises are often observed which prevents the optical 
setup from achieving high phase measurement sensitivity. 
In addition to improving the hardware part of the optical setup, we proposed to 
use a data processing algorithm - intra-frame pixel-referencing to reduce phase 
measurement errors. 
Figure 6.3 Operation principle of intra-frame pixel-referencing 
One of the sensor sites (e.g. 0% salt solution) is shown in Figure 6.3. The 
solid elliptical circle is the physical boundary of the sensor site while the dotted 
rectangular block is the region of interest. 
First of all, a pixel (the black square) is selected as a reference pixel. 
Then, all the other pixels within the rectangular block make reference to the 
reference pixel. The white square is an arbitrary signal pixel within the block. 
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Third, if the phase value of the reference pixel (the black square) is different 
from that of the signal pixel (the white square) by 5 degrees, the phase value of that 
signal pixel will be recalculated by averaging the four adjacent pixels of the signal 
pixel. 
B. Inter-frame pixel-referencing 
scan "A" - sample: Air Scan "B" • Sample: NaCI Solution 
Phase extraction 
• ，r 
Scan "A" • Sample: Air Scan "B" • Sample: NaCI Solution 
Figure 6.4 Operation principle of inter-frame pixel-referencing 
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The first scan (scan "A") recorded a set of interferometric images with the 
SPR effect before any sample was applied. The set of images was then analyzed to 
extract the phase shift due to the SPR effect of each pixel by a defined phase 
extraction algorithm. 
The second scan (scan "B") measured another set of interferometric images 
with the SPR effect after different salt concentration solutions were applied. The set 
of images was also analyzed to extract the phase shift due to the SPR effect of each 
pixel by the same phase extraction algorithm. 
We now had two phase maps: one without sample (scan "A") and the other 
with sample (scan "B"). Phases in scan “A，，were taken as a reference to those in scan 
"B". By mathematically subtracting the phase map of scan "A" from that of scan "B" 
pixel by pixel, the effect of uneven distribution of gold film thickness could be 
eliminated and therefore enhanced the sensitivity. 
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6.3 Experimental results 
Materials 
A) Optical components 
1. 15mW He-Ne laser source (632.8nm) 
2. Two linear polarizers (400-700nm) 
3. Liquid crystal modulator 
4. Beam expander (15X) 
5. Right-angled prism 
6. Focusing lens 
7. CCD camera (640pixels x 480pixels, 40 frames/second) 
B) Electronic components 
1. Personal computer 
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Sample preparation 
In order to evaluate the sensitivity of our system in terms of refractive index 
unit (RIU), several experiments were conducted by using sodium chloride (NaCl) 
solution of different concentrations. A series of different concentrations of NaCl 
solutions (in weight ratio) were prepared: 0%, 2%, 4%, 8% and 12%. The 
corresponding RIU of NaCl solutions is listed in Appendix 1. 
The procedures are described as below: 
1. Containers and beakers were cleaned by immersing them in an ultrasonic 
bath containing deionised (DI) water for 10 minutes before the sample 
preparation, 
2. After drying the apparatus, a cleaned empty beaker was weighted using 
an electronic balance with the resolution 0.1 mg and the balance was set 
to zero. 
3. A specific weight of NaCl salt was added into the beaker and the weight 
was recorded. 
4. The corresponding weight of DI water was added carefully by a syringe 
and the weight of NaCl solution (WNaci + Wwater) was monitored. The 
concentration is calculated using the following equation: 
Concentration = 一 ~ ^ ^ ( 6 . 1 ) 
WNaCl+Wwater ^ ， 
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Our experimental Surface Plasmon Resonance (SPR) imaging setup was 
depicted in Figure 4.6. This simple configuration was essentially a single-beam 
pixel-referenced phase-sensitive SPR imaging sensor system capable of achieving 
high resolution. 
Large retardation modulation depth was obtained by gluing 4 pieces of LCM 
elements (QuantumLink Technologies Co. Ltd., Shenzhen, PRC) together by 
matching oil (NuSil Silcone Technology Co. Ltd., Optical Fluid LS-5252, nD(25°C)= 
1.5173, http://www.light-span.com). The optical beam by a light source therefore 
travelled through the modulators multiple times before leaving. 
The LCM was driven by a digital-to-analogue converter (DAC) (National 
Instruments, PCI-6036E, 200kS/s, 16bits) which accepted an external drive signal for 
producing the required retardation modulation. In our case, a personal computer was 
used to control the DAC to generate a 90:10 STAM waveform (Carrier: 1-kHz square 
wave, Signal: IHz triangular wave oscillating between 0.5V and 6V) for achieving 
maximum retardation modulation depth. 
The light source was a random polarized Helium Neon laser (15mW, 
632.8nm). The first polarizer (Edmund Optics, NT53-999，95% Polarization 
Efficiency, 400 to 700nm) was set at 45° from both p-polarization and s-polarization 
axes. After passing through the four LCM elements, the polarized wave was then 
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expanded by a beam expander (Edmund Optics, NTS8-209, 15X Expansion Power). 
The beam of light later hit the active layer. A common BK7 microscope slide was 
used to for the gold (Au) film deposition (with optimized thickness, 46nm). Some 
index matching oil was added between the BK7 slide and the BK7 right-angled prism 
(Edmund Optics, NT32-551). They all had the same refractive index no (25°C)= 
1.5173. The amplified beam hit the prism at the resonance angle (9 spr)- A layer of 
PDMS containing several sample chambers was attached onto the gold layer. 
Custom-made mechanical fixture was used for holding the prism and the plastic 
firmly together. The second polarizer (or called analyzer, same manufacturer as 
polarizer) was set at -45° from both p-polarization and s-polarization. A common 
convex lens (focal length: 5cm) was used to focusing the reflected beam on a 
two-dimensional charge-coupled device (CCD) camera (Lumenera, Infinity, 
640pixels x 480pixels，40frames/second). 
In the project, imaging SPR was studied. Visual "compression" of the images 
in the x direction due to oblique incidence was resulted. As a low refractive index 
prism was used, a larger distortion of the image was resulted because of the more 
oblique angle of incidence. Hence, a lower spatial resolution in the x direction was 
obtained. The distortion from the compression was proportional to cos9，and an 
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incident angle of 70� (BK7) resulted in a compression to 34% of the sample size. This 
could be resolved by software adjustment. 
An angular scan which monitored the angle of maximum contrast or the SPR 
dip for water (n = 1.3330) as sample was done in order to locate a fixed angle for the 
best resolution. In order to maximize the signal to noise ratio of the signal traces, our 
CCD detector was operated close to saturation (the maximum resolvable intensity). 
Flow chart of SPR phase extraction 
1. A number of consecutive videos (-10 videos, 640pixels x 480pixels, 
40frames/second*, 1 minute) capturing the SPR images were imported as source. 
2. The raw data of all frames of those videos was extracted and averaged into the 
two-dimensional (2D) M x N (e.g. 60pixels x SOpixels) phase map. (For averaging, 
further explanation will be discussed in the next section) 
3. Filtering was applied to smooth the raw data. (For smoothing, further explanation 
will be discussed in the next section.) 
4. Signal trace of each pixel was windowed to extract a truncated sine wave: 
5. Phase retardation of each pixel was calculated by phase extraction algorithm. 
(For details of phase extraction algorithm, it is discussed later.) 
6. Step 5 was repeated until the entire phase map was generated. 
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7. Phase shifts were plotted against different chambers (i.e. different RIU) and the 
most sensitive region was located. 
8. Sensitivity (An / AG) was then calculated and finally resolution (R) was found. 
* Frame Rate and Resolution are inversely proportional. 
y ^ y u m m i i i i i i i i i i i ^ 
v B H P 
•103 Figure 6.5 Flow chart of SPR phase extraction 
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I. Averaging 
Before averaging, a 1-minute video containing 737 x 10^ data points (60 
second x 40 frames/second x 640pixels x 480pixels) was captured. 
Before averaging After averaging 
Storage" 307,200 6,400 (1.4%) 
Computation time taken* 35.425ms 0.184ms (0.52%) 
Table 6.1 Comparison between before and after averaging 
Assume each video contains 1200 frames (i.e. 30 seconds, 40 frames / second). 
* Computation time taken was obtained by running the same code segment with the 
same computer configuration. 
The original image (640 pixels x 480 pixels) was first divided into grids, e.g. 
80 girds x 60 grids (Figure 6.6). The frame capturing device used in this project was a 
8-bit RGB microscope CCD camera. The light source was 15mW 632.8nm HeNe 
laser. The experimental environment was in a dark room. Basically, picking the red 
element from RGB or simply choosing the grayscale makes no additional effect on 
the signal extraction. 
Signals of all pixels inside a particular grid were then averaged. The averaged 
value then became the value of that particular grid. A similar operation was performed 
on other grids, and finally the entire image became SOgrids x 60grids，or simply, 
denoted as SOpixels x 60pixels. Each 1-minute interferometric video only contained -
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11 X 10^ data points (60 second x 40 frames/second x SOpixels x 60pixels), It was 




m i i i i i i i i n n l 
Figure 6.6 Sample interference image is divided into grids 
Furthermore, averaging can help to reshape the distorted images due to the 
large incident angle ( � 7 3 ° ) . The operation principle of reshaping is shown in Figure 
6.7. Due to the optical geometry, the 2D images captured were distorted. By applying 
corresponding averaging, the images can then be rectified. 
Original Distorted Rectified 
Image ^ Image ^ Image 
Figure 6.7 Effect on compression due to averaging 
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II. Smoothing 
Raw Data Smoothed Data 
90, , , , , , 90, , , , , , 
\J .�.'. 
30 1 1 1 1 1 30 1 I I I . , 
0 200 400 GOO 800 1000 120( 0 200 400 600 800 1000 120( 
Frame Number Frame Number 
Figure 6.8(a) Raw data of an arbitrary Figure 6.8(b) Smoothed data of an 
pixel arbitrary pixel 
High frequency amplitude fluctuations caused by small intensity variations of 
the laser source as well as noise generated from the electronics were observable in our 
raw data (Figure 6.8a). After low pass filtering (Figure 6.8b), small amplitude 
variations were removed and smoothed waveform was obtained. Smoothing was 
another common technique in removing the external noise from raw data. In this 
project, we wrote our own functions for smoothing the signal curves. 
A sequence of data points (except the first and the last datum) were smoothed 
using the following mathematical expression: 
二 忍=0，卜 1) vo < X < max � ( 6 . 2 ) 
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The simulation was performed using Matlab. The source code of simulation is 
shown below: 
% Build an original signal waveform, sin(x) 
X = -4*pi: .01: 2*pi; 




% Smooth the original signal waveform by Equation (3.3) 
y2 = zeros(size(y,l),size(y,2)); 
y2(i) = y(i); 
for i = 2:length(y)-l 







OiH^  Stnnttied 
r n n v i f r r v T n 
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Figure 6.9(a) Original waveform Figure 6.9(b) Smoothed waveform 
Figure 6.9b shows that no additional phase shifts after smoothing in the 
simulation. For the actual experimental data, based on the Figure 6.8a and Figure 
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6.8b, no extra phase shift was found too. It is therefore proved that the smoothing 
process proposed only remove unwanted high frequency noise but not adding other 
phase errors. 
III . Windowing 
RawDaU Sipid cines H dHoeit sal anceiMkira 
礙 B I 
200 400 eoo m loob noo ^ Si ' a mstow i n a n r a i r ®n smmq 
FameNimter Fiats Bin tnr 
Figure 6.10 Raw experimental data and its truncated sine wave 
From the Figure 6.10, the left figure shows the raw experimental data of an 
arbitrary pixel, while the right figure shows the truncated sine wave extracted from 
the left figure. Truncated sine wave is extracted in order to fit our phase extraction 
algorithm proposed later to give a better phase measurement accuracy. 
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IV. Phase extraction algorithm 
Operation principle 
The approach used for phase extraction algorithm was the method of 
correlation which can make full use of the entire truncated signal trace by the optical 
setup. 
When comparing two signal traces, x and y, using the correlation equation 
(6.3)，we should be easily distinguish their similarity. For r= l,x and少 are exactly the 
same. For 尸二 -1，they are completely opposite. For r = 0，they have no relationship. 
where r is correlation factor，x and y refer to signals, lastly n is the number of data 
points. 
Using the correlation equation, the phase term of x and y can be extracted. 
First, the signal y (for each pixel) was extracted from the interferometric videos which 
y is defined as sin(w t + 9 ), 9 is the phase term of interest. Then, a reference jc, e.g. 
X = sin(co t), was defined by the signal y. Afterward, an extra phase term, O, was 
introduced to the reference x’ it became A: = sin(co t + 0 ) . By varying the extra phase 
term (O), the phase term of interest (6 ) was found for the correlation factor (r) close 
to 1. 
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Simulation 
Simulation was done to demonstrate the feasibility of the operation principle 
for phase extraction above. The signal waveform was defined as follows: 
Condition of signal waveform: 2 s i n ( � t + 3 0 � ) 
- F r e q u e n c y : 0.125Hz (Period: 16s) 
- P h a s e : 30° lead to the reference 
- A m p l i t u d e : 2V 
The reference waveform was therefore defined with respective to the signal 
waveform, it is shown as follows: 
Condition of reference waveform: sin(Ci) t) 
- F r e q u e n c y : 0.125Hz (Period: 16s) 
一 Phase: 0° 
—Ampli tude: IV 
By shifting the phase term (O) of the reference waveform (sin(U) t + O)) from 
0° to 360° (resolution: 0.06°), the correlation factors between the signal and the 
reference for each O are then plotted in Figure 6.8. As seen in the figure, the phase 
difference between the signal and the reference is clearly shown (0 = 30°) by 
locating the maximum correlation, i.e. r = 1. In this simulation, the frequencies of the 
signal and the reference have to be matched. 
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Figure 6.11 Reference (dotted) and Signal (solid) waveforms for simulation 
Correlation Curve 
1 ^^hase -^^ft- is -Sio： 4nde jDenderjt of amiplltiide.i -
丨嘲:::疆^  
-………[…………“[………j………i………!/…--i-
1 � … … - 1 … … … … … … I … … … I … … - - f - … …卜 
-0 6-………I………I………h;"…I………l/-i………I-
•�8•………[………I………r\h7r •……I………1" 
-1 I- \ i 卜 
I I I I I I L 
0 50 100 150 200 250 300 350 “ 
Phase Resolution: 0.06 deg 
Figure 6.12 Correlation Curve for shifting the reference across the signal waveform 
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Experimental result 
For the experiments, we used salt solutions with different concentrations, from 
0% to 12% as sample. Owing to different index of refraction, the intensity curves for 
different sample gave different response due to the SPR effect (Figure 6.13). The 
samples exhibit different phase delays. 
Signal Cufve(s) of Different Salt concentration solution 
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Figure 6.13 Experimental signal traces for different salt concentration solutions 
In Figure 6.14a, a signal trace (starred) was selected for demonstration. It was 、 
compared to a reference trace (dotted). A reference trace was a well-defined sine 
wave with same frequency as the signal and a well-defined phase term. The phase • 
term of signal trace was unknown to be found. 
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By shifting an additional phase term of the reference trace from 0° to 360°as 
discussed before, the unknown phase term of the signal trace was found by the 
correlation curve (Figure 6.14b). By locating the maximum correlation, the best 
fitting phase was determined. 
From the figure below, the correlation factor is very close to 1，which 
indicates both the signal and reference traces is nearly the same. This can prove that 
our proposed algorithm can successfully extract a phase shift from two traces. 
S4jri»lfirt •ftstti, Hani] ri iJoMi! (MAIOM 
删 
0 10 20 SO 44 M SO 7t} M M 1M • • • 禱 • 3 » • » 
rr» MilkiMKtMi 
Figure 6.14 (a) Signal curve for Pure water was partly extracted to serve as Signal for 
phase extraction purpose; (b) Extra Reference was added for phase extraction 
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V. Pixel-referencing 
After extracting the phase term of each pixel, a phase map (before 
pixel-referencing) at the sensing area was generated (Figure 6.16). Many extreme 
pixels also became distinctively visible. 
C^^^  CJ^^^ 
Cj^^ 
Figure 6.15 Schematic of 2D phase map 
As discussed before, pixel-referencing improves phase measurement accuracy 
in a two-dimensional (2D) area which allowing parallel detection for sensing purpose. 
Figure 6.16 shows the resultant 2D phase map of salt solutions of different 
concentrations. There were mainly 5 sensing sites in a row, including 0%, 2%, 4%, 
8% and 12% of salt solutions. For the rest of the areas, it was covered by 
Polydimethylsiloxane (PDMS). 
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2D phase map before pixel-referencing 
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Figure 6.16 Resultant 2D phase map before pixel-referencing 
. 2D phase map before pixel-referencing 
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Figure 6.17 Resultant 2D phase map after pixel-referencing 
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6.4 Sensor resolution 
For sensors, resolution is the most important parameter. Sensor sensitivity (S) 
is related to the sensor response Ax and the small refractive index change An given by 
the equation below 
Sensitivity (S) = An / Ax (6.4) 
Sensor resolution (R) is the lowest detection limit that a sensor can resolve. 
Despite of sensitivity (S)，this parameter is also affected by the experiment 
measurement uncertainty, i.e. standard deviation (SD) of the readings. Sensor 
resolution is defined as the product of sensitivity and standard deviation. 
Sensor resolution (R) = Sensitivity (S) x Standard Deviation (SD) (6.5) 
Either improving the sensitivity (S) or minimizing its standard derivation (SD) 
will improve the sensor resolution. A similar interpretation on sensor resolution was 
reported by Nelson [13]. 
In order to estimate the sensitivity, pixels within 5 different sensing sites were 
firstly grouped and averaged to give us a phase value representing each well. 
Different salt concentration represents different Refractive Index Units (R.LU.). The 
result of phase against RIU is shown in Figure 6.13. 
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Figure 6.18 Phase against different RIU (before and after pixel-referencing) 
S.D. / ° Water 2% 4% 8% 12% 
R.I.U. 1.3333 1.3365 1.3400 1.3470 1.3612 
Before PR 4.31 2.13 1.22 5.11 1.67 
After P R 0.53 0.15 0.053 0.62 0.22 
Table 6.2 Standard deviation versus different salt concentrations before and after 
pixel-referencing 
Error bars for each chambers was shown in the above figure. To calculate the 
resolution, SD should be found before. Readings were taken every minute over 10 
consecutive minutes. 
The standard deviations of different RIU before and after pixel-referencing are 
summarized in Table 6.2. From the Figure 6.16 and 6.17，two phase maps (before 
and after pixel-referencing) shows that the phase extraction at the surface has been 
improved because pixel-referencing has successfully reduced extreme pixels. The 
table is more quantitative tool to analyze the effectiveness of pixel-referencing. The 
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standard deviations in the sensing sites have generally been improved by 1 order after 
employing pixel-referencing. 
SD for pure water and 12% salt solution is much higher than the others. It is 
believed that impurities were dissolved into the pure water chamber which made the 
deviation. For the case of 12% salt solution, solidification of salt could affect the 
refractive index of the solution which contributed to the deviation. 
From the Figure 6.18，for the most sensitive region (from 0% to- 2% salt 
solution), the sensitivity is 5.33 x 10"^  RIU/� . In the Table 6.2, the best standard 
deviation is 0.053°; therefore the sensor resolution was 2.83 x 10"^  RTIJ. 
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6.5 Performance comparison between single-beam LCM and 
Mach Zehnder configuration 
Experimental setup 
As shown in Figure 6.19, a Mach-Zehnder interferometer was constructed to 
carry Surface Plasmon Resonance sensing with phase interrogation. 
p-polarized wave s-polariz^ d wave 
(SPR «rf«cl) (Reference) 
WKM B B H l 
W J _ � p l i n « r 
j — P F > — 二 , 
/ — ^ ' "^Sf f t f U t t r TWO I5XHTJIM0%P*MI0RT [‘ 
\ ccocie 
• 删 
Figure 6.19 Experimental setup of Mach Zehnder configuration 
Mach-Zehnder configuration was applied since it was more sensitive to the 
phase detection than the other setup. Moreover, in order to eliminate the mechanical 
vibration to the experimental setup, differential phase detection was employed, i.e. 
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using s-polarized wave as a reference to p-polarized wave where only p-polarized 
wave could excite SPR effect. 
A 632.8nm He-Ne laser was used as the light source which was warmed up for 
30 minutes before taking any experimental results. Beam expanders were used for 
expanding the beam's size, and beam splitters were used for splitting the light wave 
into two halves in terms of amplitude. Piezoelectric transducer (PZT) was operated at 
1.5 Hz to generate the interference pattern by adding extra phase difference to the 
separate beams. Wollaston prism was used for separating the p-polarized (TM mode) 
wave which was on the left, and the s-polarized (TE mode) wave which was on the 
right. CCD chip was used for capturing the videos of the interference pattern. 
A gold layer was first coated on the surface of the prism by sputtering. 
Optimization of its thickness (~50nm) was required. It should be tested under the 
experimental setup - its thickness was optimized if a clear dip could be shown by 
shifting the incident angle of the beam of light. Afterwards, a layer of plastic was 
drilled and used as different chambers for testing samples. Mechanical part was used 
to fix the prism and the plastic firmly. 
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Figure 6.20 Photo of Mach-Zehnder configuration 
Flow chart of phase extraction (MZ configuration') 
1. All parameters were set properly. 
2. A number of consecutive videos ( -10 or above) monitoring the SPR effect were 
captured and imported as the source. 
3. The raw data of all the frames (-300 to 500) of those videos were extracted and 
stored in the 2 D N x N phase map (e.g. 60pixels x 60pixels). 
4. Filtering was applied to smooth the raw data. 
5. Differential phase of each pixel was calculated by phase difference between the 
p-polarized and s-polarized waves. 
6. Phase map was generated when collecting differential phase .of all pixels 
7. Standard derivations of each pixels were plotted. 
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8. A number of chambers were selected and monitored. Their trends along the 
consecutive videos were plotted. It showed the changes within the same chamber 
over time. The standard derivation of the chamber was found. 
Hiimii^ 
Figure 6.21 Flow chart of phase 
extraction algorithm (MZ configuration) 
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Phase extraction algorithm 
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Figure 6.22 Phase extraction algorithm for MZ SPR setup 
Figure 6.22 shows the algorithm of phase extraction graphically. First, a 
number of consecutive videos stored the raw data with SPR effect were taken from 
the Mach Zehnder interferometer experimental setup. Second, the first number of 
frames were extracted and stored in RGB scale. Third, two sinewave like signal 
curves of both p-polarized and s-polarized beams of light were extracted by 
smoothing. Forth, the phase shifts of p-polarized wave (O p) and that of s-polarized 
wave (O s) were extracted by common DSP techniques. Finally, the differential phase 
shift ( 0 p - 0 s) was calculated and the two-dimensional (2D) differential phase map 
was generated. 
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Figure 6.23 Resultant 2D phase map by MZ configuration (after pixel-referencing) 
(Sample: 0%, 2%, 4% 8 %， 1 2 % salt solution for left to right). 
As seen in Figure 6.23, it shows the phase map by MZ configuration after 
imposing pixel-referencing. Samples with different RIU were used to test the 
sensitivity of our optical SPR setup. All four rows sensing sites give clear change in 
its phase values. 
From Figure 6.24，it shows that the decaying trend of the differential phase. 
The region between 2% and 4% salt solution has the maximum sensitivity recorded as 
5.38 X 10-5 RIU, . 
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Before pixel-referencing (by MZ configuration) 
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Figure 6.24 Phase against RIU by MZ configuration (before pixel-referencing) 
The five sensing sites of interest were further investigated to quantatatively 
obtain its SD before and after pixel-referecing, similar to what have been done for the 
LCM configuration. Two plot is shown in Figure 6.24 and 6.25. All numerical values 
are tabulized in Table 6.3. 
From both the figures and table, it is clearly shown that pixel-referencing has 
improved the system standard deviation which matches the finding in the 
experimental setup using the LCM element. 
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The high standard deviations in both pure water and 12% salt solution are 
believed to be due to impurities and solification of salt respectively. 
After pixel-referencing (by MZ configuration) 
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Figure 6.25 Phase against RIU by MZ configuration (after pixel-referencing) 
SD Water 2% 4% 8% 12% 
RIU 1.3333 1.3365 1.3400 1.3470 1.3541 
Before P R 9.77 5.34 4.36 2.38 3.10 
Af te r P R 2.74。 2 .13� 1.58� 0.65° 1.25° 
Table 6.3 Standard deviation versus different RIU before and after pixel-referencing 
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The maximum sensitivity recorded was 5.38 x 10'^ RIU, (from 2% to 4% 
sodium chloride solution) and the best standard deviation was 0.65°. Sensor resolution 
calculated was therefore 3.5 x 10'^ RIU. 
ChamberSD vs R.I.U 
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Figure 6.26 Standard derivation of different salt solution chambers resulted from 
combining different statistical techniques employed (the detail will be shown in the 
next section) 
Chamber SD refers to average value of the SD of several pixels within the 
chamber of interest, for example, different salt solution concentration spots. For this 
experiment, it shows that the chamber SD of water is highest. Different solutions have 
different chamber SDs. In general, the lower chamber SD comes from higher RIU. 
Furthermore, the chamber SD is much higher than the average SD (0.0303。）which 
means the SD within the chamber is much higher than the surrounding still plastic. 
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Because of this, later experiment will use pure water and air as sample in order to 
investigate the SD of the solution instead still plastic. 
Smoothing 
Actually Gaussian filtering was tried as well. However, it also showed 
negative impact on the phase map and SD. Furthermore, it prolonged the time for 
process significantly. 
Although there was a difference in the intensities between hand-made 
smoothed and raw data, it is not important as only differential phase (i.e. difference 
between the peaks) was concerned. The actual filtering technique in the analyzing 
program is shown as follows. 
Difference between p-wave and s-wave in raw data for an arbitary point 
120 c — j r — c TT-t 1 r n c 1 ^ -p Difference between p*wave and s-wave after smoothing for the same point 
4A A A A A ^  -OTTCTTT^ 
100 ^ / I - \ 
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吻 漏 i \ •：書\丨\ IV 
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The raw data was full of noise, e.g. high frequency noise. A suitable low-pass 
« 
filter was needed to interpolate the data points for smoothing the signal trace. Two 
figures below show that smoothing does not affect both peaks and troughs of signals. 
„ „ Difference between raw p-wave and smoothed p-wave Difference between raw s-wave and smoothed s-wave 
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Figure 6.27Comparison between before and after smoothing of (c) p-wave and 
(d) s-wave 
* The first and last 10 frames of the smoothed signal curve were neglected due to its 
irregularity. 
Alignment of p-polarization and s-polarization 
Actually differential phase is obtained from interference between the 
p-polarized wave (p-wave in short) and s-polarized wave (s-wave in short) where only 
p-wave is influenced by the SPR effect but not s-wave. Nonetheless, alignment 
between p-wave and s-wave is not simple. The alignment of Wollaston prism and 
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CCD camera may lead to a scaling, skew and rotation effect of s-wave, such that 
alignment between p-wave and s-wave is difficult to achieve. 
“ n Alignment 
p-poUrucd wav 公 s-polanied trave 
(SPR effccr) (Reference) 
I I I I 
H • I I 
Figure 6.28 Operation principle of aligning p-wave and s-wave 
The above figure shows the operation principle of alignment of p-wave and 
s-wave. Due to scaling, skew and rotation effects, the p-wave and s-wave are not 
properly aligned. Once two polarizations are not properly aligned, the differential 
phase obtained will be deviated. 
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As seen in Figure 6.28，take it as an example to demonstrate the principle. To 
simplify the case, we assume there are only two patterns, assuming no rotation and 
scaling effects. When they are properly aligned, two patterns are completely 
overlapped and only one pattern is resulted. The differential phase extracted under 
proper alignment of p-wave and s-wave enhances the SD. 
A sample SPR frame is showed below. The frame was extracted from one of 
the SPR videos. The left part refers to the p-wave; while the right part refers to the 
s-wave. 
50 100 150 200 250 300 
Figure 6.29 A sample SPR image frame 
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It is obvious that the s-wave on the right half shifts upwards in the y direction 
when comparing to the p-wave. 
According to the analyzing program, simple direct mapping of the p-wave and 
s-wave by a constant difference in x direction which means xl (p-wave) is mapped to 
x2 (s-wave) = xl + k. In this case, this algorithm is not applicable. The mismatch of 
p-wave and s-wave leads to systematic error which cannot be reduced by the method 
of averaging. 
Therefore, the original methodology has been revised. In addition to the fixed 
relation in x direction, a test by shifting the s-wave in y direction was performed to 
check any effect of this alignment of the p-wave and s-wave on the SD. Two videos 
from the experiment with pure water as sample were selected for testing. Both phase 
map and average SD gave different result when alignment technique was employed. 
Alignment (pixel) 0 -5 -7 -8 -9 
Average SD (deg) 0.101 0.929 0.0759 0.0924 0.0444 
Alignment (pixel) -11 -10 -13 -15 -20 
Average SD (degree) 0.0766 0.468 0.0672 0.517 0.1045 
Table 6.4 Relationship between alignment of both polarizations and Average SD 
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A minimum point exists when the alignment adjustment is -9 pixels which 
means that it is required to shift the s-wave upward by 9 pixels with respect to the 
p-wave. The averaged SD subsequently reaches its minimum level. The SD is 
improved by properly aligning the p-wave and s-wave. 
Average SD by alignment adjustment 
I 0.8 A 
0 H 1 1 1 11 • — I 1 1 1 1 1 
0 -5 -7 -9 -11 -10 -13 -15 -20 
Alignemnt adjustment / pixel 
Figure 6.30 Relation between average SD and alignment adjustment 
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Figure 6.31 Phase map (left) with no alignment adjustment and phase map (right) 
with the best alignment adjustment 
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From the above two phase maps, the one without alignment adjustment shows 
some hidden green-orange-green fringes. But after alignment adjustment, the hidden 
fringes are significantly reduced. Although there are still some blue-white-blue 
fringes, it is better than before. The remaining fringes in the right phase map may be 
due to the x alignment, scaling, or rotation of the plane. Moreover, the random noise 
seems to be reduced as well. The average SD is reduced by half too. 
Average SD Before alignment After alignment 
2 videos 0.0444� 0 .1010� 
Table 6.5 Comparison between Average SD before and after alignment 
According to the table, it is promising to show that the increase in the sample 
video size makes no difference in the implementation of alignment technique. The 
average SD reduces by half. . 
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Comparison between MZ and LCM configuration 
To summarize, the comparison of the sensitivities of both MZ and LCM 
configuration is tabulated. It is obvious that the phase measurement system using the 
LCM shows a better sensitivity than that using the MZ configuration. In addition to 
this comparison, we can also conclude that the implementation of pixel-referencing 
effectively reduce the noises which give a better phase measurement accuracy. 
Before pixel-referencing After pixel-referencing 
LCM configuration 2.83 x 10'^  RIU 6.51 x 10"^  RIU 
MZ configuration 3.5 x RIU 1.28 X 1 R I U 
Table 6.6 Comparison between system before and after pixel-referencing 
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Chapter 7 Discussions 
7.1 Experiment precautions 
LCM configuration 
Before the experiment, the HeNe laser was switched on for half an hour to 
stabilize the light beam. 
The measurement setup was done in a closed environment to ensure minimum 
temperature fluctuation caused by air circulation. The air-conditioning in the room 
was switched off for 24 hours before doing experiments. We believed that the 
measurement errors of our system were due to fluctuations caused by noise generated 
from electronics and the non-linearity of LCM. 
The extracted phase of the system was monitored continuously for 10 minutes. 
The phase fluctuation of our setup is approximately 0.053°. 
MZ configuration 
The MZ configuration was difficult to be aligned which implied that 
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The nonlinearity of the motion of the PZT also affects the phase measurement 
accuracy. The voltage applied to the PZT should be carefully monitored for 
generating a constant phase stepping for two parallel interferometers 
7.2 Linear curve fitting 
In this project, we only used pure sine wave as a reference for extracting the 
phase due to the SPR effect, called linear curve fitting. This method is limited to 
certain range of the entire modulation. In order to fit the reference, the signal trace 
was forced to be chopped down; only the middle truncated sine wave was used. The 
truncated sine wave was only part of the signal can be used. Other parts also carrying 
information have been neglected. Owing to this limitation, we believe that nonlinear 
curve fitting could be further investigated. When a suitable nonlinear function being 
employed, the entire modulation can be taken therefore a more promising resolution is 
looking forward to. 
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7.3 Hardware limitation: Low frame rate 
Frame rate of the CCD camera is the major limitation of this project. The 
maximum* frame rate of the current used CCD camera is 40 frames per second. 
When our system is operating at 0.25 Hz, each period requires 160 frames. The 
modulation depth of the group of LCM elements used is 1080°. The error in shifting a 
frame is equivalent to the error in phase extraction by 6.75°. It deeply affects both the 
SD and resolution. 
As a comparison, Wu et. al. [12] used photodiode for single point detection. 
The oscilloscope allowed 500 data points per second which provides a larger room for 
improving their system sensitivity. 
If a reference pixel is extracted in the optical setup and closely monitored by a 
photodiode instead of a CCD camera, it seems that it is a solution to our problem. But 
owing to the difference in data rate between two detecting modules, it is difficult to 
compare two signal traces. 
A high-frame-rate CCD camera is preferred however the huge file size of the 
interferometric videos taken in the project should be concerned. For a 30-second 
videos with 640 pixels x480 pixels at 40 frames / second, its file size is over 2Giga 
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bytes. It will require not only more storage space for using a high-speed camera, but 
also faster CPU for processing the calculation involving the phase extraction. 
* For the CCD camera used in the project, the resolution and the frame rate is 
inversely related: the lower the resolution, the higher the frame rate. For the minimum 
resolution (640 pixels x 480 pixels), the frame rate is 40 frames / second. 
7.4 Matching oil and glass slide 
Generally, SPR sensor heads often use the Kretschmann configuration with a 
gold-coated prism. However, some drawbacks may exist in practical use. The sensing 
layer sometimes needs to be replaced because of contamination from the samples. 
Removal of the metal layer can be carried out by either dissolving the gold in 
potassium iodide solution or brushing with dust-free tissue paper and acetone. But 
scratches may occur on the prism after several uses. Direct coating of gold on the 
prism surface is not an ideal method for more complicated sensing application or 
making practical devices. Indeed, coupling a gold-coated glass slide to the prism with 
refractive index matched oil is better alternative. We have the option of disposing the 
sample or keeping it for further interrogation after the experiment. Besides, the metal 
thin film deposition process is more cost-effective as we can put a number of glass 
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slides into the deposition chamber in each run. Another additional advantage is that 
the quality of the gold film for each slide is more "identical" to each other if all the 
samples are made in single deposition run. The experimental result may be more 
repeatable. 
We purchased the optical matching oil from NuSil Silcone Technology Co. 
Ltd. (Optical Fluid LS-5252) and manufacturer-made the right-angle prisms and glass 
slides (25mm x 25mm x 1mm, BK7, refractive index: 1.5173). All of the 
experimental results reported were obtaining using the same type of matching oil and 
glass slides. 
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Chapter 8 Conclusions 
Pixel-referencing phase-sensitive Surface Plasmon Resonance Imaging sensor 
has been successfully built based on the use of a Liquid Crystal Modulator. 
Using LCM instead of MZ configuration helps significantly in reducing the 
alignment restriction. However, the non-linearity of LCM hinders the SPR phase 
extraction. In this project, we have completed the phase extraction process by using 
correlation. With a fixed reference, by introducing an additional phase term in the 
reference signal and varying it, correlation factor between signal and reference is a 
function of the additional phase term. Therefore we were able to extract the phase by 
first locating the maximum correlation factor. 
An additional SPR image sequence captured from pure air was used for 
pixel-referencing. This helped in reducing the unwanted effect due to variations in the 
gold-coated sensor head. Different concentrations of sodium chloride solution have 
been tested. Their RIUs vary from 1.3333 (water), 1.3365 (2%), 1.3400 (4%), 1.3470 
(8%) to 1.3541 (12%), and the corresponding standard deviations are 0.53°, 0.15°, 
0.053°, 0.62° and 0.22°. Meanwhile, the best sensitivity recorded was 5.33 x 10"^  
RIU/°. The sensor resolution was therefore calculated as 2.83 x 10'^ RIU. 
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Similar experiments were performed by using the Mach Zehnder configuration. 
Sodium chloride solution(s) from 0% to 12% were used. The resultant sensor 
resolution was 3.5 x 10"^  RIU. Our results revealed that using LCM could achieve a 
resolution comparable to that of the MZ configuration. 
To conclude, for both LCM and MZ configurations, we can acheive a better 
phase extraction by means of pixel-referencing. For the differential MZ configuration, 
the alignment of the p-polarization and s-polarization is very important in achieving 
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Appendix 1 
Concentration, Refractive index and Dielectric constant of Sodium Chloride 
Solution (20�C) 
This table gives properties of both aqueous solutions of Sodium Chloride. All 
data refer to a temperature of 20°C. [17]. 
Mass % n (Sodium Chloride) e (Sodium Chloride) 
0.0 1.3330 1.1546 
0.5 1.3339 1.1549 
LP 1.3347 1.1553 
2.0 1.3365 1.1561 
3.0 1.3383 1.1568 
4.0 1.3400 1.1576 
5.0 1.3418 1.1584 
6.0 1.3435 1.1591 
7.0 1.3453 1.1599 
8.0 1.3470 1.1606 
9.0 1.3488 1.1614 
10.0 1.3505 1.1621 
12.0 1.3541 1.1637. 
14.0 1.3576 1.1652 
16.0 1.3612 1.1667 
18.0 1.3648 1.1682 
20.0 1.3684 1.1698 
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Appendix 2 
Liquid Crystal Modulator Specification 
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Appendix 3 
Digital-to-analogue Converter (DAC) Device (NI, PCI6036E) Datasheet 
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Appendix 4 
Charge-coupled device (CCD) Camera (Lumenera, Infinity) Datasheet 
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Appendix 6 
Codes of SPR phase extraction in modules 
Module A: Raw data 
% E x t r a c t raw da ta from v ideo(s ) 
c l e a r a l l 
% 
[ f i l e , p a t h ] = u i g e t f i l e ( ' * . a v i • , 'Open File')； 
s p r i n t f ( ' % s ' , f i l e ) 
f i lename = { s t r c a t ( p a t h , f i l e ) } ; 
Module B: R G B ^ G r a v 
% Transform RBG i n t o Grayscale 
% 
mov=avi read(char ( f i l ename) , k ) ; 
a=mov(1) .cdata; 
b=double(rgb2gray(a))； 
Module C: Averaging 
% Averaging 
% 
avi—length = 1160; 
yn = 480; xn = 640; 
row = 60; co l = 80; 
% 
w = x n / c o l ; ‘ 
h = yn/row; 
x l ( r o w , c o l ) = 0 ; 
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y l ( row,co l )=0 ; • 
f o r i = 1:row 
f o r j = 1 : co l 
x l ( i , j ) = l + ( j - 1) * w; 
y l ( i , j ) = l + ( i - 1) * h; 
end 
end 
s i g n a l = zeros(avi—length,row, c o l ) ; 
f o r k = 1 : a v i _ l e n g t h 
mov=av i read(cha r ( f i l ename) ,k ) ; 
a=mov(1) .cdata; 
b=double ( rgb2gray(a ) ) ; 
f o r i = 1:row ” 
f o r j = 1 : c o l 
f o r p = 0 : h - l 
f o r q = 0:w-l 
s i g n a l ( k , i , j ) = s i g n a l ( k , i , j ) + b ( y l ( i , j ) + p , x l ( i , j ) + q ) ; 
end 
end 




s a v e ( s t r c a t ( ’ s • , f i l e ( 1 : 3 ) ) , ' s i g n a l ‘ ) 
Module D: Smoothing 
% Smoothing 
% 
c l e a r a l l ; 
load s312.mat; 
f o r i = l : s i z e ( s i g n a l , 2 ) 
f o r j = 1 : s i z e ( s i g n a l , 3 ) “ 
f o r kl = 1+smooth ing : s i ze ( s igna l ,1 ) - smoo th ing 
sum = 0; 
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f o r k2 = 1 : smoo th ing 
sum = sum + s i g n a l (k; l+k2, i , j ) ; 
end 




s a v e ( s t r c a t ( ‘ s m o o t h e d ‘ , f i l e ( 1 : 3 ) ) , ' s i g n a l ' ) 
Module E: Windowing 
% Windowing 
% 
c l e a r a l l ; 
l o a d smoothed312.mat ; 
f i g u r e ; 
p l o t ( s i g n a l ( : , n i i d X , m i d Y ) ) ; 
t i t l e ( ' F u l l - s c a l e ' ) 
x l a b e l ( ‘ F r a m e Number‘) 
y l a b e l ( ‘ I n t e n s i t y ' ) 
f i g u r e ; p l o t ( s i g n a l ( 1 : s i z e ( s i g n a l , 1 ) / 2 , m i d X , i n i d Y ) ) ; 
t i t l e ( ' H a l f - s c a l e ' ) 
x l a b e l ( ‘ F r a m e Number‘) 
y l a b e l { ‘ I n t e n s i t y ' ) 
f i g u r e ; p l o t ( s i g n a l ( 1 : s i z e ( s i g n a l , 1 ) / 4 , m i d X , m i d Y ) ) ; 
t i t l e ( ‘ Q u a r t e r - s c a l e ‘ ) 
x l a b e l ( ‘ F r a m e Number ' ) 
y l a b e l ( ' I n t e n s i t y ' ) ‘ 
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f i g u r e ; p l o t ( s i g n a l ( r e f : s i z e ( s i g n a l , 1 ) / 4 + r e f , m i d X , m i c i Y ) ) ; 
t i t l e ( ‘ R e f e r e n c e - q u a r t e r - s c a l e ‘ ) 
xlabel(‘Frame Number’) 
ylabel(‘Intensity') 
s i g n a l 2 = s i g n a l ( r e f : s i z e ( s i g n a l , 1 ) / 4 + r e f , : , : ) ; 
s a v e ( s t r c a t ( • w i n d o w e d ' , f i l e ( 1 : 3 ) ) , ' s i g n a l 2 ' ) 
Module F: Phase extraction 
% Phase extraction by Correlation 
% 
% I n i t i a t i o n a l i z a t i o n 
% Aim: Find out the most suitable # of period, 
% f requency and i n i t i a l phase o f r e f e r e n c e 
% 
c l e a r a l l ; 
l o a d windowed312.mat; 
t = 0 : n u m O F p e r i o d * 2 * p i / s i z e ( s i g n a l 2 , 1 ) : n u m O F p e r i o d * 2 * p i ; 
w = 2*pi*FREQ; 
ip = initialPHASE; 
y = s i n ( w * t + i p ) ; 
X = s i g n a l 2 ( : ,midX,inidY) * ; 
n = s i z e ( s i g n a l 2 , 1 ) ; 
nom = n * s u m ( x . * y ) - s u m ( x ) * s u m ( y ) ; 
dem = s q r t ( n * s u m ( x . ^ 2 ) ) * s q r t ( n * s u m ( y . ) ) ; 
r = num/dem; ‘ 
% 
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X = signal2(:,i,j)‘; 
r = 0; 
for dph = -2*pi:0.1:2*pi 
y = sin(w*t + ip + dph); 
nom = n*sum(x.*y)-sum(x)*sum(y); 
dem = sqrt(n*sum(x.A2))*sqrt(n*suin(y.A2)); 
temp_r = num/dem; “ 
if temp_r > r 
r = temp—r; 






Module G: Pixel referencing 
% Pixel referencing: Intra & Inter-frame 
% 
% Intra-frame pixel-referencing 
% 
clear all; 
load SPRphase312.mat; • 
senSITE = [Axl Ax2 Ayl Ay2; 
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Bxl Bx2 Byl By2; 
Cxi Cx2 Cyl Cy2; 
Dxl Dx2 Dyl Dy2; 
Exl Ex2 Eyl Ey2]； 
midX = (Ax2-Axl)/2; 
midY 二 （Ay2-Ayl)/2; 
for i = Axl-l:Ax2-l 







midX = (Bx2-Bxl)/2; 
midY = (By2-Byl)/2; 
for i = Bxl-l:Bx2-l 







midX 二 （Cx2-Cxl)/2; 
midY = (Cy2-Cyl)/2; 
for i = Cxl-l:Cx2-l 
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end 
end 
itiidX = (Dx2-Dxl ) / 2 ; 
midY = ( D y 2 - D y l ) / 2 ; 
f o r i = D x l - l : D x 2 - l 
f o r j = D y l - 1 : D y 2 - l 
i f SPRphase ( i , j ) -SPRphase (m inX ,m inY)>e r r 
S P R p h a s e ( i , j ) = [ S P R p h a s e ( i - 1 , j ) + S P R p h a s e ( i + 1 , j ) + S P R p h a s e ( i , j - 1 ) + S P R p h a 




midX = ( E x 2 - E x l ) / 2 ; 
midY = ( E y 2 - E y l ) / 2 ; 
f o r i = E x l - 1 : E x 2 - l 
f o r j = E y l - 1 : E y 2 - l 
i f SPRphase ( i , j ) -SPRphase (m inX ,m inY)>e r r 
SPRphase ( i , j 卜 [ S P R p h a s e ( i - 1 , j ) + S P R p h a s e ( i + 1 , j ) + S P R p h a s e ( i , j - 1 ) + S P R p h a 





% I n t e r - f r a m e p i x e l - r e f e r e n c i n g 
% .. 
l o a d SPRphaseREF.mat; 
f i g u r e ; 
imagesc(SPRphase); 
t i t l e ( ' 3 1 2 . a v i I ) • 
x l a b e l ( ‘ x - d i m e n s i o n ‘ ) 
y l a b e l ( ‘ y - d i m e n s i o n ‘ ) 
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c o l o r b a r ( ‘ E a s t O u t s i d e ‘ ) 
save(streat(‘SPRphase‘,file(1:3)),'SPRphase') 
inter_PR_map = SPRphase - SPRphaseREF; 
load SPRphase313.mat 
imagesc(SPRphase + inter—PR—map); 
title('313.avi') 
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